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1.0 FEHM V3.1.0 Users Manual PURPOSE

This User’'s Manual documentsetluse of the FEHM application.

2.0 DEFINITIONS AND ACRONYMS

2.1 Definitions
FEHM - Finite element heatral mass transfer code (Zyvoloski, et al. 1988)
FEHMN - YMP version of FEHM (Zyvoloski, et al. 1992).

The versions are now equivalent and the use of FEHMN has been dropped.

2.2 Acronyms

AVS - Advanced Visual Systems.

110 - Input / Output.

LANL - Los Alamos National Laboratory.

N/A - Not Applicable.

PEST - Parameter Estimation Program.

SOR - Successive Over-Relaxation Method.

UCD - Unstructured Cell Data.

YMP - Yucca Mountain Sit€haracterization Project.
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Hydrogeologyl:5-24 (1992). TIC:224081

Golder Associates, “User’s Guide GoldSim Gnagal Simulation Environment”, Version 7.40,
Golder Associates Inc., Redmond, Wasjton (2002). MOL.20030130.0347, TIC:235624
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Sixth Workshop on Geothermal Reservoir Engineer8tgnford University (1980). TIC:249211
Software Installation Test Plan for the FEHApplication Version 2.21, 10086-1TP-2.21-00.

Tompson, A. F. B., E. G. Vomvoris, and L. W. Gath“Numerical Simulatiomf Solute Transport in
Randomly Heterogeneous Porous Media: Mdiiva, Model Development and Application,”
Lawrence Livermore National Laboratory report, UCID 21281 (1987). MOL.19950131.0007
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Validation Test Plan for the FEHMpplication Version 21, 10086-VTP-2.21-00.
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4.0 PROGRAM CONSIDERATIONS
4.1 Program Options

4.2

The uses and capabilities of FEHM are summarized in Table | with reference to the macro input
structure discussed in Section 6.0.

Table I. Capabilities of FEHM with Macro Command References

I Mass, energy balances in porous media
A.  Variable rock properties (rock)
B Variable permeability (perm, fper)
C. Variable thermal conductivity (cond, vcon)
D. \Variable fracture properties, dual porosity, dual porosity/dual permeability
(dual, dpdp, gdpm)
II.  Multiple components available

A. Air-water isothermal mixture available (airwater, bous, head), fully coupled
to heat and mass transfer (ngas, vapl, adif)

B. Up to 10 solutes with chemical reactions between each (trac, rxn )
C. Multiple species particle tracking (ptrk, mptr, sptr )
D. Different relative permeability and capillary pressure models (rlp, exrl)

lll.  Equation of state flexibility inherent in code (eos)

IV. Pseudo-stress and storativity models available
A. Linear porosity deformation (ppor)
B. Gangi stress model (ppor)

V. Numerics
A.  Finite element with multiple element capabilities (elem)
B Short form input methods available (coor, elem, fdm )
C. Flexible properties assignment (zone, zonn )
D Flexible solution methods
1.  Upwinding, implicit solution available (ctrl)
2. Iteration control adaptive strategy (iter)
E. Finite volume geometry (finv, isot)

VI.  Flexible time step and stability control (time)

VIl. Time-dependent fixed value and flux boundary conditions (flow, boun , hflx)

Initialization

The coefficient arrays for the polynomial repentations of the deityg (crl, crv), enthalpy

(cel, cev), and viscosity (cvl, cvv) functions andtialized to the valuegnumeratedn Table

Il of the “Models and MethodSummary” of the FEHM Application (Zyvoloski et al. 1999),
while values for the saturation pressure andperature function coeffients are found in

Table IV of that document. All other global array and scalar variables, with the exception of
the variables listed in Table II, are initializedzero if integer or realcharacter variables are
initialized to a single blank character, and logical variables are initialized as false.
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4.3

4.4

Page: 12
Table Il. Initial (Default) Values

Variable Value Variable Value Variable Value

aiaa 1.0 contim 1.0e+30 daymax 30.0

daymin 1.0e-05 gl 1.0e-06 g2 1.0e-06

g3 1.0e-03 iad_up 1000 iamx 500

icons 1000 irlp 1 nbits 256

ncntr 10000000 nicg 1 rnmax 1.0e+11

str 1.0 strd 1.0 tmch 1.0e-09

upwagt 1.0 upwgta 1.0 weight_factor 1.0e-3

Restart Procedures

FEHM writes a restart file for each run. The exsutput file name malge given in the input
control file or as terminal input, or if unspecified will defaultfélmn.fin(see Section 6.2.1

on page 35). The file is used on a subsequembguproviding the name of the generated file
(via control file or terminal) for the restart input file name. It is recommended that the restart
input file name be modified to avoid confusion with the restart output file. For example, by
changing the suffix toini, the default restart output filéehmn.finwould be renamed
fehmn.ini,and that file name placed the control file or given agerminal input. Values from

the restart file will overwrite any variable initialization prescribed in the input file. The initial
time of simulation will also be taken from the restart file unless specified in the raeo

input (see Section 6.2.90 on page 185).

Error Processing

Due to the nonlinearity of the underlying partial differential equations, it is possible to
produce an underflow or overflow condition thuigh an unphysical choice of input parameters.
More likely the code will fail to converge avill produce results which are out of bounds for
the thermodynamic functions. The code will attempt to decrease the time step until
convergence occurs. If the time step droplewea prescribed minimurthe code will stop,
writing a restart file. The user encouraged to look at thepuat check file which contains
information regarding maximum and minimum values of key variables in the code. All error
and warning messages will be output to an output error file or the main output file.

Table Ill provides additional information on errors that will cause FEHM to terminate.
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Table Ill. Error Condi tions Which Result in Program Termination

Error Condition Error Message
I/O file error
Unable to create / open /O file ****% Error opening file fileid Fkkk
*kkk *kkk
ok JOB STOPPED ok
*kkk *kkk
Coefficient storage file not found program terminated because coefficient

storage file not found
Coefficient storage file can not be read  error in parsing beginning of stor file

_or_
stor file has unrecognized format:quit
_or_
stor file has neq less than data file:quit
Coefficient storage file already exists >>> changing name of new *.stor (old file
exists) new file name is fehmn_temp.stor
-and-
>>> name fehmn_temp.stor is used : stopping
Optional input file not found ERROR nonexistant file filename
STOPPED trying to use optional input file
Unable to open optional input file ERROR opening filename
STOPPED trying to use optional input file
Unable to determine file prefix for AVS FILE ERROR: nmfil2 file: filename  unableto
output files determine contour file prefix
Unable to determine file prefix for pest FILE ERROR: nmfil15 file: filename  unable
output files to determine pest file name
-Or-
FILE ERROR: nmfil16 file: filename  unable
to determine pestl file name
Unable to determine file prefix for FILE ERROR: nmfil17 file: filename  unable
streamline particle tracking output files  to determine sptrl file name
_or_
FILE ERROR: nmfil18 file: flename  unable
to determine sptr2 file name
_or_
FILE ERROR: nmfil19 file: flename  unable
to determine sptr3 file name
Unable to determine file prefix for FILE ERROR: nmfil24 file: filename unable
submodel output file to determine submodel file name

Input deck errors
Coordinate or element data not found ***x  COOR Required Input  ****
_or_
***x  ELEM Required Input  ****

*kkk *kkk

wok JOB STOPPED %o

*kkk *kkk
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Table Ill. Error Condi tions Which Result in Program Termination

Error Condition

Error Message

Inconsistent zone coordinates

Invalid AVS keyword read for macro
cont

Invalid keyword or input order read for
macro boun

Invalid keyword read for macro subm

Invalid macro read

Invalid parameter values (macros using
loop construct)

Invalid streamline particle tracking
parameter

Invalid tracer input

Invalid transport conditions

Invalid flag specified for diffusion
coefficient calculation

Optional input file name can not be read

inconsistent zone coordinates izone = izone
please check icnl in macro CTRL
ERROR:READ_AVS_IO

unexpected character string (terminate

program execution)

Valid options are shown:

The invalid string was: string

time change was not first keyword,stop

-Or-

illegal keyword in macro boun, stopping
>>>> error in keyword for macro subm <<<<

***&% error in input deck : char ****
Fatal error - for array number arraynum
macro - macro

Group number - groupnum

Something other than a real or integer has
been specified

-Or-

Line number - line
Bad input, check this line
-Or-

Fatal error, too many
real inputs to initdata2
-Or-

Fatal error, too many
integer inputs to initdata2

ist must be less than or equal to 2

** Using Old Input

Enter Temperature Dependency Model Number:
1 - Van Hoff 2 - awwa model, see manual for
details **

Fatal error You specified a Henrys Law
species with initial concentrations input
for the vapor phase (icns = -2), yet the
Henrys Constant is computed as 0 for
species number speciesnum and node number
nodenum. If you want to simulate a vapor-
borne species with no interphase transport,
then you must specify a gaseous species
(icns = -1).

ERROR -- lllegal Flag to concadiff

Code Aborted in concadiff

ERROR reading optional input file name
STOPPED trying to use optional input file
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Table I1I.

Error Condi tions Which Result in

Program Termination

Error Condition

Error Message

Optional input file contains data for
wrong macro

Option not supported

Parameter not set

Relative permeabilities specified for non-
dual or -double porosity model.

ERROR --> Macro name in file for macro
macroname is  wrong_macroname
STOPPED trying to use optional input file

This option (welbor) not supported.
Stop in input

_or‘_

specific storage not available for
non isothermal conditions : stopping
-Or-

gangi model not yet available for
air-water-heat conditions : stopping
-Or-

Gencon not yet set for rd1dof.

Stop in gencon

>>>> gravity not set for head problem:
stopping <<<<
k*kkkkkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkx

f-m terms but no dpdp : stopping

K*kkkkkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkx

Invalid parameters set
Dual porosity

Finite difference model (FDM)

Maximum number of nodes allowed is
less than number of equations

Node number not in problem domain
(macros dvel, flxo, node, nod2, nod3,
zone, zonn)

Noncondensible gas

Particle tracking

Relative permeabilities

***x check fracture volumes,stopping****
**** check equivalent continuum VGs ****

>>>> dimension (icnl) not set to 3 for FDM:
stopping <<<<

¥ n0( n0) .lt. neq(
parameter statements ***

**** nvalid input: macro

**** Invalid node specified, value is
greater than nO ( n0 ): stopping ****
cannot input ngas temp in single phase
_Or‘_

ngas pressure It 0 at temp and total press
given

max allowable temperature
_Or‘_

ngas pressure gt total pressure i= i
_Or_

ngas pressure It 0.

ERROR: Pcnsk in ptrk must be either always
positive or always negative.

Code aborted in set_ptrk.f

cannot have anisotropic perms for rlp model

4 or rlp model 7 with equivalent continuum

stopping

neq) **** check

macro ****

temp
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Table Ill. Error Condi tions Which Result in Program Termination

Error Condition Error Message

Tracer ERROR: Can not have both particle tracking
(ptrk) and tracer input (trac).
Code Aborted in concen.f
_or_
Gencon not yet set for rd1dof.
Stop in gencon
_or_
ERROR - solute accumulation option cannot
be used with cnsk<0
_or_
** On entry to SRNAMBparameter number 12
had an illegal value

Insufficient storage

Boundary conditions exceeded storage for number of models
Dual porosity **xxk n > n0, stopping  ****
Generalized dual porosity In gdpm macro, ngdpmnodes must be reduced

to reduce storage requirements

A value of ngdpm_actual is required

The current value set is ngdpmnodes

_Or‘_

Fatal error in gdpm macro

A value of ngdpm_actual is required’

The current value set is ngdpmnodes
Increase ngdpmnodes to ngdpm_actual and
restart

Geometric coefficients program terminated because of insufficient
storage

Tracer **** memory too small for multiple tracers

*kkk

Invalid colloid particle size distribution Fatal error, the colloid particle size
distribution must end at 1

Invalid particle diffusion Fatal error
For a dpdp simulation, Do not apply the
matrix diffusion particle tracking to the
matrix nodes, only the fracture nodes

Invalid particle state Initial state of particles is invalid
Particle number i1
Error computing geometric coefficients iteration in zone did not converge, izone =

zone_number please checkicnlin macro CTRL
Too many negative volumes or finite element  too many negative volumes: stopping

coefficients -or-
too many negative coefficients : stopping
Unable to compute local coordinates iteration in zone did not converge, izone =
zone please check icnl in macro CTRL
Unable to normalize matrix cannot normalize

Singular matrix in LU decomposition singular matrix in ludcmp
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Table Ill. Error Condi tions Which Result in Program Termination

Error Condition Error Message

Singular matrix in speciation calculations Speciation Jacobian matrix is singular!
_or_
Scaled Speciation Jacobian matrix is
singular!
_or_
Speciation scaling matrix is singular!
Solution failed to converge timestep less than daymin timestep_number
current_timestep_size
current_simulation_time
_or‘_
Tracer Time Step Smaller Than Minimum Step
Stop in resettrc
_or‘_
Newton-Raphson iteration limit exceeded in
speciation subroutine!
-Or-
Newton-Raphson iteration limit exceeded in
scaled speciation subroutine!
Failure at node i
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5.0 DATAFILES
5.1 Control file (iocntl)

5.2

5.3

5.1.1

5.1.2

5.1.3

Content

The control file contains thnames of the input and outdiles needed by the FEHM
code. In addition to listing the 1/O file names, the terminal (tty) output option and the
user subroutine number are given. The colnfile provides the user an alternate

means for inputting file names, terminal output option, and user subroutine number
than through the terminal I/O. It is useful when long file names are used or when files
are buried in several subdirectories, or for automated program execution. The
elements of the file and input requirements are described in Section 6.2.1.

Use by Program

The control file provides the FEHM appétion with the names of the input and

output files, terminal output units, and user subroutine number to be utilized for a
particular run. The defautontrol file name isehmn.files If the control file is found,

it is read prior to problem initialization. If not present, terminal I/O is initiated and the
user is prompted for required informatioh.control file may use a nhame other than
the default. This alternate control file name would be input during terminal 1/0. See
Section 6.1.1.1.

Auxiliary Processing
N/A

Input file (inpt)

521

5.2.2

5.2.3

Content

The input file contains &3 parameter initialization values and problem control
information. The form of the file name figen or filen.* where ‘filen” is a prefix used
by the code to name auxiliary files and “.*’presents an arbitrafyle extension. If a
file name is not specified when rezgted during terminal I/O, the fifehmn.dais the
default. The organization of the file described in detail in Section 6.2.

Use by Program

The input file provides the FEHM application with user parameter initialization values
and problem control information.The input file is read during problem initialization.

Auxiliary Processing
N/A

Geometry data file (incoor)

5.3.1

5.3.2

Content

The geometry data file contains the mesineatnt and coordinate data. This can either
be the same as the input file or a separate file.

Use by Program

The geometry data file provides the FEHdyplication with eément and coordinate
data. The geometry data filerisad during problem initialization.
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5.4

5.5

5.6

5.3.3
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Auxiliary Processing
N/A

Zone data file (inzone)

5.4.1

5.4.2

5.4.3

Content

The zone data file contains the zone information (see nmawrd. This can either be
the same as the input file or a separate file.

Use by Program

The zone data file provides the FEHdplication with initial geometric zone
descriptions. The zone data file is read during problem initialization.

Auxiliary Processing
N/A

Optional input files

5.5.1

5.5.2

5.5.3

Content

The optional input files contain user parater initialization values and problem

control information. The names of optional input files are provided in the main input
file to direct the code to auxiliary files to be used for data input. Their use is described
in detail in Section 6.2.4

Use by Program

The optional input files provide the FHB®M application with user parameter
initialization values and problem control information. The optional input files are read
during problem initialization.

Auxiliary Processing
N/A

Read file (iread)

5.6.1

5.6.2

5.6.3

Content

The read file contains the initial valuespressure, tempenate, saturation, and
simulation time (the restart or initial state values). It may also contain initial species
concentrations for transport simulation or particle tracking data for particle tracking
simulation restarts. The naming convention is similar to that for the output file. The
generated name is of the foffiten.ini.

Use by Program

The FEHM application uses the read file frogram restarts. The read file is read
during problem initialization.

Auxiliary Processing
N/A
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5.7 Multiple simulations input file

5.8

5.9

5.7.1

5.7.2

5.7.3

Type
5.8.1

5.8.2

5.8.3

Content

The multiple simulations input file contains the number of simulations to be
performed and, on UNIX systems, instructsofor pre- and post-processing input and
output data during a multiple realization simulation. The file nanfelimmn.msim

Use by Program

The FEHM application uses the multiple simulations input file to setup control for a
multiple realizatiorsimulation. It is accessed #te beginning the program.

Auxiliary Processing
N/A

curve data input file

Content

The type curve data input file contains parameter and data values necessary to
compute dispersion delay times for the particle tracking models using type curves.

Use by Program

The FEHM application uses the type curveadaput file to read the parameter and
data values necessary to simulate dispersielay times for the particle tracking
models. It is accessed at the beginning the program if a particle tracking simulation
using type curves is run.

Auxiliary Processing
N/A

Output file (iout)

591

5.9.2

5.9.3

Content

The output file contains the FEHM output. The file name is provided in the input
control file or as terminal input, or may generated by the code from the name of the
input file if terminal I/O is invoked. The generated name is of the filen.outwhere
the “filen” prefix is common to the input file.

Use by Program

The FEHM application uses the output ffle general program time step summary
information. It is accessettiroughout the program asetlsimulation steps through
time.

Auxiliary Processing

This file may be accessed by scripts oemudeveloped programnts extract summary
information not recorded in other output files.

5.10 Write file (isave)
5.10.1 Content

The write file contains thénal values of pressure, temperature, saturation, and
simulation time for the run. It may alsmntain final speciesoncentrations for
transport simulations or particle trackidgta for particle tracking simulations.This
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file can in turn be used as the read fitea restart run. The naming convention is
similar to that for the output file. The generated name is of the fibem fin.

5.10.2 Use by Program

The FEHM application uses the write file for storing state data of the simulation. It is
accessed at specified times throughout the gnogwhen state data should be stored.

5.10.3 Auxiliary Processing

This file may be accessed by scripts or useveloped programs &xtract final state
information not recorded in other output files.

5.11 History plot file (ishis)
5.11.1 Content

The history plot file contains data for history plots of variables. The naming
convention is similar to that for the output file. The generated name is of the form
filen.his

5.11.2 Use by Program

The FEHM application uses the history plot file for storing history data for pressure,
temperature, flow, and energytput. It is accessed thrghout the program as the
simulation steps through time.

5.11.3 Auxiliary Processing

This file may be used to produce history plots by external graphics programs.

5.12 Solute plot file (istrc)
5.12.1 Content

The solute plot file contains history data for solute concentrations at specified nodes.
The naming convention is similar to that thie output file. The generated name is of
the formfilen.trc.

5.12.2 Use by Program

The FEHM application uses the solute pfité for storing hstory data for tracer
output. It is accessedribughout the program as themsilation stepshrough time.

5.12.3 Auxiliary Processing

This file may be used to produce histqriots of tracers bgxternal graphics
programs.

5.13 Contour plot file (iscon)
5.13.1 Content

The contour plot file contains the contour plot data. The naming convention is similar
to that for the output file. The generated name is of the fdem.con

5.13.2 Use by Program

The FEHM application uses the contour dite for storing contour data for pressure,
temperature, flow, energy tput, and tracer output. It eccessed at specified times
throughout the program when contour data should be stored.
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5.13.3 Auxiliary Processing

This file may be used to produce contour plots by external graphics programs.
5.14 Contour plot file fo r dual or dpdp (isconl)
5.14.1 Content

The dual or dpdp contour plot file contains the contour plot data for dual porosity or
dual porosity / dual permeability problems. The naming convention is similar to that
for the output file. The generated name is of the feitem.dp.

5.14.2 Use by Program

The FEHM application uses the dual or dpdp contour plot file for storing contour data
for pressure, temperature, flow, energy otf@und tracer output for dual porosity or
dual porosity / dual pereability problems. It is accessed at specified times
throughout the program when contour data should be stored.

5.14.3 Auxiliary Processing

This file may be used to produce contour plots by external graphics programs.
5.15 Stiffness matrix data file (isstor)

5.15.1 Content

The stiffness matrix data file containsitie element coefficients calculated by the
code. It is useful for repead calculations that use thensa mesh, especially for large

problems. The naming convention is similar to that for the output file. The generated
name is of the fornfilen.stor.

5.15.2 Use by Program

The stiffness matrix data file is both an input and an output file the FEHM application
uses for storing or readirfgnite element coefficientsalculated by the code. The
stiffness matrix data file is read duringoptem initialization if being used for input.

It is accessed after finite element coeffideare calculated if being used for output.

5.15.3 Auxiliary Processing
N/A

5.16 Input check file (ischk)
5.16.1 Content

The input check file contains a summary of coordinate and variable information,
suggestions for reducing storage, coaates where maximum and minimum values
occur, and informationteout input for variables sat each node. The naming

convention is similar to that for the output file. The generated name is of the form
filen.chk

5.16.2 Use by Program

The FEHM application uses the input chditk for writing a summary of the data

initialization. The input checkile is accessed during daitaitialization and when it
has been completed.

5.16.3 Auxiliary Processing
N/A
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5.17 Submodel output file (isubm)
5.17.1 Content

The submodel output file containidw” macro data that represents boundary
conditions for an extracted submodel (i.ee thutput will use the format of thél6éw”
input macro). The naming convention is gan to that for the output file. The
generated name is of the foffiten.subbc

5.17.2 Use by Program

The FEHM application uses the submodel output file for writing extracted boundary
conditions. The submodelutput file is accessed duringtddnitialization and at the
end of the simulation.

5.17.3 Auxiliary Processing
N/A

5.18 Output error file (ierr)
5.18.1 Content

The output error file contains any error or warning messages issued by the code during
a run. The file is always namdéedhmn.errand will be found in the directory from
which the problem was executed.

5.18.2 Use by Program

The FEHM application uses the output error file for writing error or warning messages
issued by the code during a rdhmay be accessed at any time.

5.18.3 Auxiliary Processing
N/A

5.19 Multiple simulations script files
5.19.1 Content

The multiple simulations script files contain instructions for pre- and post-processing
input and output data during a multiple realization simulation. Pre-processing
instructions are always written to a file nanfeimn.pre while post-processing
instructions are always written to a file namfedmn.postand will be found in the
directory from which the program was executed.

5.19.2 Use by Program

The FEHM application uses the multiple simulations script files for writing UNIX
shell script style instructions. They are generated from information contained in the
multiple simulations input file at the ganing of the program. The pre-processing
instructions are then executédvoked as a shell script) prior to data input for each
realization, and the post-pressing instructions are exded at the completion of

each realization. The followingpmmand is used to execute the scripts: sh script_file
$1 $2, where $1 is the current simulation number and $2 is nsim, the total number of
simulations.

5.19.3 Auxiliary Processing
N/A
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5.20 PEST output fi les (ispest, ispstl)
5.20.1 Content

The PEST output files contain output data (pressure or head, saturations, and
temperatures) in a format suitable foge by the Parameter Estimation Program
(PEST) (Watermark Computing, 1994)he generated names are of the form
filen.pestandfilen.pestl wherefilen is based on the file prefix for the general output
file. If an output file is not defined the default namesfatenn.pesandfehmn.pestl

5.20.2 Use by Program

The FEHM application uses the PESTtput files for writing parameter values
generated during a run. They may be acagsdeany time throughout the program as
the simulation steps through time, but only values at the final state are saved.

5.20.3 Auxiliary Processing

The primary file {ilen.pes} is generated to provide inptd the Parameter Estimation
Program (PEST) (Watermark Computiri94). The second file is generated to
provide a backup of general information for review purposes.

5.21 Streamline particle tracking outp  ut files (isptrl, isptr2, isptr3)
5.21.1 Content

The streamline particle tracking output files contain output data from a streamline
particle tracking simulation. The generated names are of theffmsptrl,
filen.sptr2andfilen.sptr3,wherefilen is based on the file prefix for the tracer output
file or the general output file. If those files are not defined the default names are
fehmn.sptrl, fehmn.sptrandfehmn.sptr3.

5.21.2 Use by Program

The FEHM application uses the streamline particle tracking output files for writing
parameter values generated during a run. They may be accessed at any time
throughout the program as the simulation steps through time.

5.21.3 Auxiliary Processing

These files may be used to produce streamline plots or breakthrough data plots by
external graphics programs.

5.22 Optional history plot files (ishis*)
5.22.1 Content

The optional history plot files contain ddftar history plots of variables. The naming
convention is similar to that for the output file. The generated name is of the form
filen.his, filen.trc, filen_paraml.his, his.dat, _his.csv, .trc, .dat, .csvparani will

depend on the output parameters selected. The extension will depend on output format
selected: tecplot.daf), comma separated variablessy) or default (his, .trg.

5.22.2 Use by Program

The FEHM application uses the optional histptot files for storing history data for
selected parameters whictkclade: pressure, head, tematire, water content, flow,
saturation, humidity, enthalpy, densitysgosity, flux, mass, displacement, stress /
strain, and concentration (node based) and global output. The basic history file,
filen.his,will contain run information includingvhich parameters were selected and
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the output node and zone data. The basic historyffiéa.trc, will contain output
node data and numbers of s@species by type whemmrcentrations are output. The
parameter files are accessed throughouptiogram as the simulation steps through
time.

5.22.3 Auxiliary Processing

These files may be used to produce drigtplots by external graphics programs.

5.23 Optional contour output f iles (Advanced Visual Systems
[AVS], TECPLOT, and SURFER)

5.23.1 Content

The contour output files contain output daftar the entire grid oselected zones.The
content will depend on output format (avs or avaw§, tecplot [daf], or surfer
[comma separated variabless\]) and parameters select@uaterial, pressure or
head, saturation, temperature, flux, permeability, saturation, porosity, velocity,
displacement, stress / strain, and conaian). The geometry based data can be
imported into Advanced Visual Systems (AVS) UCD (unstructured cell data),
TECPLOT, or SURFER graphics routines.

The contour output files each have a unidileename indicating the section type, the
data type and the time step the files wereated. These file names are automatically
generated by the code and are of the féitem.NumberAVS_idwherefilen is

common to the root file name or contour output file prefix if defined, otherwise it is
the input file prefix, Numberis a value between 00001 and 99999, ANMG _idis a

string denoting file content (see Table IV and Figure 1). In general, _head are header
files (only used by AVS), geo is the geometry file, and _node the data files. The
following, _mat, _sca, _vec, _con, _mat_dual, _sca_dual, _vec_dual, or _con_dual,
are pre-appended to _head and _node to further identify the data selected for output.
Currently all propergs are node based rather than cell based.

Table IV. Contour File Content Tag

AVS id File purpose

_avs_log Log file from contour output routines

_geo Geometry output file containing coordinates and cell
information (AVS UCD geometry file format)

_grid.dat Geometry output file containing coordinates and element
connectivity (Tecplot grid file format)

_mat_head AVS UCD header for material properties file.

_mat_dual_head AVS UCD header for material properties file for dual or
dpdp.

_sca_head AVS UCD header for scalar parameter values file.

_sca_dual_head AVS UCD header for scalar parameter values file for
dual or dpdp.

_vec_head AVS UCD header for vector parameter values.
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Table IV. Contour File Content Tag (Continued)

AVS id File purpose

_vec_dual_head AVS UCD header for vector parameter values for dual or
dpdp.

_con_head AVS UCD header for solute concentration file.

_con_dual_head AVS UCD header for solute concentration file for dual or
dpdp.

_mat_node Data output file with Material properties.

_mat_dual_node Data output file with Material properties for dual or dpdp.

_sca_node Data output file with Scalar parameter values (pressure,

temperature, saturation).

_sca_dual_node Data output file with Scalar parameter values (pressure,
temperature, saturation) for dual or dpdp.

_vec_node Data output file with Vector parameter values (velocity).

_vec_dual_node Data output file with Vector parameter values (velocity)

for dual or dpdp.

_con_node Data output file with Solute concentration.
_con_dual_node Data output file with Solute concentration for dual or
dpdp.

AVS geometry

Cell information
Node coordinates

_head |I % AVS header
] —

_geo

AVS Data

Data labels/units

Data description
Data values

__node

i

Figure 1. AVS UCD formatted FEHM output files.
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5.23.2 Use by Program

The FEHM application uses the contour output files for storing geometry based data
for material properties grmeabilities and porositiesfemperature, saturation,
pressure, velocities, and solute concatitms in a formateadable by AVS,

TECPLOT or SURFER graphics. The log outfile is created on the first call to the
AVS write routines. It includs the code version number, date and problem title. When
output for a specified time step has beempteted, a line containing the file name
prefix, time step, call nuber (the initial call is 1 and imcremented with each call to
write AVS contour data) and problem time (days) is written. The header files, one for
each type of data being stored, and the sigglemetry file are witten during the first

call to the AVS output routies. The node data files are written for each call to the
AVS write routines, at specified times throughout the program when contour data
should be stored using a specified format.

5.23.3 Auxiliary Processing

These files are used for visualizatiomdaanalysis of data by AVS, TECPLOT or
SURFER.

To use with AVS, the appromte header file, geometry file, and data file for each
node must be concatenatedarone file of the fornfilen.inp (Fig. 1). This can be
done with the scriptehm2avsfor a series of files with the same rddén or
manually, for example:

cat filen.10001_head filen.10001_geo filen.10001_mat_node > filen.10001.inp

Once header and geometry have been merged with data files into a single AVS file,
the data can be imported into AVS using the read_ucd module.
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6.0 INPUT DATA

6.1 General Considerations

6.1.1 Techniques

6.1.1.1 Control File or Terminal I/O Startup

The input/output (I/O) file information is provided to the code from an
input control file or the terminal. The default control file name is
fehmn.files If a control file with the diault name is present in the
directory from which the code is being executed, no terminal input is
required. If the default control file is not present, it is possible to supply
the name of the control file on the command line, otherwise input
prompts are written to the screen presgdy a short description of the I/

O files used by FEHM. It should be noted that a control file name entered
on the command line wilake precedence over the default control file.
The descriptions of the I/O filesaelaborated on i®&ection 5.0. The

initial prompt asks for the name of a control file. It is also If a control file
name is entered for that prompt no further terminal input is required. If a
control file is not used, the usertisen prompted for I/O file names, the

tty output flag, and user subroutine number. When the input file name is
entered from the terminal the user has the option of letting the code
generate the names for the remainder of the auxiliary files using the input
file name prefix. The form of the input file namefiken or filen.* where
“filen” is the prefix used by the code @ame the auxiliary files and “.*”
represents an arbéry file extension.

6.1.1.2 Multiple Realization Simulations

The code has an option for perfomgimultiple simulation realizations
(calculations) where input (e.qg., porosity, permeability, saturation,
transport properties grarticle distributions)s modified for each
realization but the calculations dbased on the same geometric model.
Multiple realizations are initited by including a file callefehmn.msim

in the directory from which the code is being run. If invoked, a set
number of simulations are performed sequentially, with pre- and post-
processing steps carried out befarel after each simulation. This
capability allows multiple simulations to be performed in a streamlined
fashion, with processing to changmut files beforeeach run and post-
processing to obtain relentiresults after each run.

6.1.1.3 Macro Control Structure

The finite element heat and mass sfar code (FEHMYontains a macro
control structure for data input that offers added flexibility to the input
process. The macro command struetarakes use of a set of control
statements recognized by the inputdute of the program. When a macro
control statement is encountered iniaput file, a certain set of data with
a prescribed format is expected aradd from the input file. In this way,
the input is divided into separate, udered blocks of data. The input file
is therefore a collection of macromool statements, each followed by its
associated data block. Blocks of datmn be entered in any order, and any
blocks unnecessary to a particular problem need not be entered. The
macro control statements must appmathe first four columns of a line.
The other entries are free format, whidhds flexibility, but requires that
values be entered for all inpuériables (no assumed null values).
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As an aid to the usethe capabilities of FEHMummarized in Table |

refer to applicable mcro commands. Table V lists the macro control
statements with a briefescription of the data associated with each. A
more detailed description of eaatacro control statement and its
associated input are found in Section 6.2. Macro control statements may
be called more than once, if, for exalm, the user wishes to reset some
property values after defining altexte zones. Some statements are
required, as indicated in Bk V, the others are optional.

Table V. Macro Control Statements for FEHM

Control
Statement Description
adif Air-water vapor diffusion

airwater or air
anpe
boun
bous

carb

cden
cflx
cgdp
chea
cond
conn
cont
conv
coor
ctrl
dpdp
dual
dvel
elem
€os
exrl
fdm

finv

Isothermal air-water input

Anisotropic permeability

Boundary conditiongrequired for flow problem if macro flow is not used)
Boussinesq-type approximation

CO;, input

Concentration-dependent density

Molar flow rate through a zone

Rate-limited gdpm node

Output in terms of head, not pressures (non-head problem)
Thermal conductivity datéequired for non-isothermal problem)
Print number of conneans for each node and stop

Contour plot data

Head input conversion for thermal problems

Node coordinate dafaequired if macro fdm is not used)
Program control parametefequired)

Double porosity/double permeability model input

Dual porosity model input

Velocity printout (formerly macreelo)

Element node dat@equired if macro fdm is not used)

Simple equation of state data

Explicit evaluation of relative permeability

Finite difference grid generatiqrequired if macro coor and elem are not used)

Finite volume flow coefficients
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Table V. Macro Control Statements for FEHM (Continued)

Control

Statement Description

flow Flow data(required for flow problem if macro boun is not used)
flo2 Alternate format for flow data (input using 3-D planes)

flo3 Alternate format for flow datédefined for seepage faces)

floa Alternate format for flow data (additive to previous flow definition)
flwt Movable source or sink (wtsi only)

flxn Write all non-zero source/sink internodahkss flows by node to an output file.
flxo Internodal mass flow printout

flxz Zone based mass flow output

fper Permeability scaling factor

frip Relative permeability factors for residual air effect

ftsc Flux correction for saturations over 1

gdkm Generalized dual permeability model

gdpm Generalized dual porosity model

grad Gradient model input

hcon Set solution to heat conduction only

head Hydraulic head input

hflx Heat flow input

hist User selected history output

hyco Hydraulic conductivity inpufrequired if macro perm is not used)
ice or meth Ice phase calculations (untested) methane hydrate input

impf Time step control based on maximum allowed variable change
init Initial value datgrequired if macro pres or restart file is not used)
intg Set integration type

isot Isotropic definition of contrololume/finite element coefficients
iter Iteration parameters

itfc Flow and transport between zone interfaces

ittm Sticking time for phase changes

itup Iterations used with upwinding

iupk

Upwind transmissibility including intrinsic permeability
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Table V. Macro Control Statements for FEHM (Continued)

Control

Statement Description

ivfc Enable exponential fracture and volume model

mdnode Enables extra connections to be made to nodes

mptr Multiple species particle tracking simulation input

nfinv Finite element instead dihite volume calculations

ngas Noncondensible gas (air) data

nobr Don't break connection between nodes with boundary conditions

node Node numbers for output and time histories

nod2 Node numbers for output and time histories, and alternate nodes for terminal output

nod3 Node numbers for output and time histories,raliee nodes for terminal output, and alterna
nodes for variable porosity model information

nrst Stop NR iterations on variable changes

para Parallel FEHM (isothermal only)

perm Permeability inpufrequired if macro hyco is not used)

pest Parameter estimation routine output

phys Non-darcy well flow

ppor Pressure and temperature degent porosity and permeability

pres Initial pressure, temperature, and saturation data, boundary conditions specifreafiored
if macro init or restart file is not used)

ptrk Particle tracking simulation input

renu Renumbers nodes

rest Manage restart options

rflo Read in flux values

rflx Radiation source term

rich Enable Richards' equation

rive or well River or implicit well package

rip Relative permeability inputrequired for 2-phase problemif macro rlpm is not used,
otherwise optional)

rlpm Alternate style relative permeability inpnequired for 2-phase problem if macro rlp is not
used, otherwise optional)

rock Rock density, specific heat, and porosity infretjuired)

rxn Chemical reaction rate model input
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Table V. Macro Control Statements for FEHM (Continued)

Control

Statement Description

sol Solver specifications

sptr Streamline patrticle tracking simulation input

stea Steady state program termination

stop Signals the end of inpitequired)

strs enable stress solution

subm Submodel boundary condition output

svar Enable pressure-enthalpy variables

szna or napl Isothermal NAPL-water input

text Text input to be written to output file

thic Variable thickness input for two-dimensional problems
time Time step and time of simulation dgtaquired)

trac Solute simulation input

user User subroutine call

vapl Vapor pressure lowering

veon Variable thermal conductivity input

weli Peaceman type well impedance

wgtu Areas, weights (user-defined) for boundary conditions
wflo Alternate submodel boundary output

witsi Water table, simplified

zeol Zeolite water balance input

zone Geometric definition of grid for input parameter assignment
zonn Geometric definition of grid for input parameter assignment

Comments may be entered in the input file by beginning a line with a ‘#’
symbol (the ‘#’ symbol must be found in the first column of the line).
Comments may precede or follow madrlocks but may not be found
within a block.

Optional input files may be used by substituting a keyword and file name
in the main input file (described in detail in Section 6.2.4). The normal
macro input is then entered in the auxiliary file.

A macro may be disabled (turned a@ff omitted from a run) by adding
keyword “off” on the macro line antrminating the macro with an end
statement of the forméhdmacro’ or “end macrd’ (see Section 6.2.5).
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Many input parameters such as porosity or permeability vary throughout
the grid and need to have differargtlues assigned at different nodes.
This is accomplished in two way$he first uses a nodal loop-type
definition (which is the default):

JA,JB, JC, PROP1, PROP2, . ..

where

JA -first node to be assigned with the properties PROP1, PROP2, . ..
JB -last node to be assigned with the properties PROP1, PROP2, . ..
JC -loop increment for assigning properties PROP1, PROP2, . . ..

PROP1, PROP2, etc. - property values to be assigned to the indicated
nodes.

In the input blocks using this structure, one or more properties are
manually entered in the above strueu¥hen a blank line is entered,
that input block is terminated andeticode proceeds to the next group or
control statement. (Note &h blank input lines arghaded in the examples
shown in Section 6.2.) The nodal definition above is useful in simple
geometries where the node numbers are easily found. Boundary nodes
often come at regular node intervals and the increment cod@tean be
adjusted so the boundary conditions aasily entered. To set the same
property values at every node, the user mayl8eandJC to 1 and]B to

the total number of nodes, or alternatively $at=1, andJB = JC = 0.

For dual porosity problems, which hatleee sets of parameter values at
any nodal position, nodes 1 to N [where N is the total number of nodes in
the grid (see macrooor)] represent the fracture nodes, nodes N + 1 to
2N are generated for the second afehodes, the first matrix material,

and nodes 2N + 1 to 3N for the third set of nodes, the second matrix
material. For double porosity/double permeability problems, which have
two sets of parameter values at amodal position, nodes 1 to N represent
the fracture nodes and nodes N + 1 to 2N are generated for the matrix
material.

For more complicated geometrieschuas 3-D grids, the node numbers
are often difficult to determine. Heeegeometric description is preferred.
To enable the geometric description #mne control statement

(page 202) is used in the input file before the other property macro
statements occur. The input maawnerequires the specification of the
coordinates of 4-node parallelograrfor 2-D problems or 8-node
polyhedrons in 3-D. In one age of the control statemendneall the
nodes are placed in geometric zoned assigned an identifying number.
This number is then addressedtlve property input macro commands by
specifying aJA < 0 in the definition of the loop parameters given above.
For example ifJA = -1, the properties defined on the input line would be
assigned to the nodes defined as belonging to geometric Zate dngl

JC must be input but are ignored in this case). The control statement
zonemay be called multiple times to redefine geometric groupings for
subsequent input. The previous zone definitions are not retained between
calls. Up to 1000 zones may be defined. For dual porosity problems,
which have three sets of parametaftues at any nodal position, Zone
ZONE_DPADD + | is the default zone number for the second set of
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nodes defined by Zone |, and Zone 2*ZONE_DPADD + | is the default
zone number for the third set of nodes defined by Zone I. For double
porosity/double permeability problemshich have two sets of parameter
values at any nodal position, ZOoOA®NE_DPADD + | is the default zone
number for the second set of nodes defined by Zone I. The value of
ZONE_DPADD is determined by the number of zones that have been
defined for the problem. If less than 100 zones have been used
ZONE_DPADD is set to 100, otherwisteis set to 1000. Zones of matrix
nodes may also be defined independently if desired.

Alternatively, thezonn control statement (p&3207) may be used for
geometric descriptions. Regions are defined the same as for control
statementzoneexcept that previous zonefdgtions are retained between
calls unless specifically overwritten.

GoldSim Interface

To interface with GoldSim, FEHM isompiled as a dynamic link library
(DLL) subroutine that is called bthe GoldSim code. When FEHM is
called as a subroutine from GoldSim, the GoldSim software controls the
time step of the simulation, andritug each call, the transport step is
carried out and the results passedkto GoldSim for processing and/or
use as radionuclide mass input to another portion of the GoldSim system,
such as a saturated zone transpatimodel. The interface version of
FEHM is set up only to perform particle tracking simulations of
radionuclide transport, and is not intended to provide a comprehensive
flow and transport simulation capability for GoldSim. Information
concerning the GoldSim user imtace may be found in the GoldSim
documentation (Golder Associates, 2002).

6.1.2 Consecutive Cases

6.1.3

Consecutive cases can be run using theiplelrealizations simulation option (see
Section 6.1.1.2 on page 28). The program retains only the geometric information
between runs (i.e., the grachd coefficient information)The values of all other
variables are reinitialized withach run, either from thepnut files or a restart file
when used.

Defaults

Default values are set during the initialization process if overriding input is not
provided by the user.

Individual Input Records or Parameters

Other than the information provided through tloatrol file or terminal I/O and the multiple
realization simulations file, the main user input is provided using macro control statements in
the input file, geometry data file, zone daite,fand optional input files. Data provided in the
input files is entered in free format withetlexception of the macro control statements and
keywords which must appear ihe first four (or more) columns of a line. Data values may be
separated with spaces, commas, or tabs. The primpuy file differs from the others in that it
begins with a title line (80 characters maximum) followed by input in the form of the macro
commands. Each file contaimg multiple macro commands should be terminated wittsthe
control statement. In the examples provided in the following subsections, blank input lines are
depicted with shading.
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6.2.1 Control File or Terminal 1/0O Input

The file name parameters enumerated Weflomfil( 2-13)], are entered in order one
per line in the control file (excluding the control file name [nmfil(1)] and error file
name [nmfil(14)]) or in response to agmnpt during terminal input. If there is a
control file with the naméehmn.filesn your local space (cuent working directory),
FEHM will execute using that control file and there will be no prompts. If another
name is used for the controldj it can be entered on the command line or at the first
prompt.

A blank line can be entered in the control file for any auxiliary files not required, for
the “none” option for tty output, and fohe “0” option for the user subroutine
number.

In version 2.30 an alternate format for tntrol file has beemtroduced that uses
keywords to identify which input and output files will be used. Please note that the file
name input styles may not be mixed.

Group 1  NMFIL() (a file name for each= 2 to 13)
-or-

Group1l KEYWORD NMFIL

Group 2 TTY_FLAG

Group 3 USUB_NUM

Unlike previous versions of the code, if é&fhame is not entered for the output file,
check file, or restart file, the file will not be generated. An error output file will still

be generated for all runs (default nafeamn.erj. However, with the keyword input

style the user has the option of naming the error file. File names that do not include a
directory or subdirectory name, will be located in the current working directory. With
keyword input a root filename may be erge for output files that use file name
generation lfist macro outputcont macro avs, surfer or telagt output, etc.). The data

files are described in more detail in Section 5.0.

The following are examples of the inpwintrol file. The first example (left) uses
keyword style input, while the second and third examples (right) use the original style
control file input form. In the first example, four files are explicitly named, the input
file, geometry file, tracer histy output file and oytut error file. A rat file name is

also provided for file name generatiorhe “all” keyword indicates that all

information should be written to the termairand the ending “Oindicates that the

user subroutine will not be called. In thecend example in the ctar, all input will

be found in the current working directory andimut files will also be written to that
directory. The blank lines indicate that théseno restart initialization file or restart
output file, a dual porosity contour plot file not required, and the coefficient storage
file is not used. The “some” keyword indicattheat selected information is output to

the terminal. The ending “O’hdicates that the user subrime will not be called. In

the third example on the right, input will be found in the “groupdir” directory, while
output will be written to the current working directory. The “none” keyword indicates
that no information should be written to the terminal and the ending “0” indicates that
the user subroutine will not be called.
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{;]apr?;ble Format Default Description
keyword character*5 No keywords, Keyword specifying input or output file type. The keyword |is
old style file  entered followed immediately by & with a “space”
formatis used preceding the filename. Keywords, which must be entered
starting in thdirst column, are:
input - Main input file
grid - Geometry data file; or
grida or gridf - Ascii formatted geometry file; or
gridu or gridb - Unformatted geometry file
zone - Initial zone file
outp - Output file
rsti - Restart input file
rsto - Restart output file
hist - Simulation history output
trac - Solute history output
cont - Contour output
dual, dpdp - Dual porosity, double porosity output
stor - Coefficient storage file
check -- Input chdcoutput file
nopf - Symbolic factorization file
colu - Column data file for free surface problems
error - Error output file
root - Root name for output file name generation
co2i - CO, parameter data file (default
co2_interp_table.txt)
look - Equation of state data lookup table file
(default lookup.in)
Keyword file name input is terminated with a blank line. The
keywords and file names may be entered in any order unlike
the old style input.
nmfil character*100 Input or output file name

fehmn.files nmfil( 1) - Control file name (this file is not included in the
old style control file) (optional)

fehmn.dat nmfil( 2) - Main input file name (required)

not used nmfil( 3) - Geometry data input file name (optional)

not used nmfil( 4) - Zone data input file name (optional)

not used nmfil( 5) - Main output file name (optional)

not used nmfil( 6) - Restart input file name (optional)

not used nmfil( 7) - Restart output file name (optional)

not used nmfil( 8) - Simulation history output file name (optional)

not used nmfil( 9) - Solute history output file name (optional)

not used nmfil(10) - Contour plot output file name (optional)

not used nmfil(11) - Dual porosity or double porosity / double
permeability contour plot output file name (optional)

not used nmfil(12) - Coefficient starge file name (optional)

not used nmfil(13) - Input check output file name (optional)

fehmn.err nmfil(14) - Error output file name (this file is not included |n

the old style control file). The default name is used if not
input.
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Input .
Variable Format Default Description
tty flag character*4 none Terminal output flag: all, some, none
usub_num  integer 0 User subroutine call number

Files “fehmn.files:

input: /groupdir/c14-3
trac: c14-3.trc

grid: /groupdir/grid-402
root: c14-3

error: cl4-3.err

all
0

tapeb.dat
tape5.dat
tape5.dat
tape5.out

tapeb5.his
tape5.trc
tape 5.con

tape5.chk
some
0

/groupdir/c14-3
/groupdir/grid-402
/groupdir/c14-3
cl14-3.out
/groupdir/c14-3.ini
c14-3.fin
c14-3.his
cl4-3.trc
cl4-3.con
cl4-3.dp
c14-3.stor
c14-3.chk
none
0

6.2.2 Multiple Realization Simulations Input

The multiple realization simulations input filkebmn.msimcontains the number of
simulations to be performed and, on UN$}stems, instructionfor pre- and post-
processing input and output data during dtiple realization simulation. The file

uses the following input format:
Line 1 nsim

Lines 2-N single_line
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Input o

Variable Format Description

nsim integer Number of simulation realizations to be performed

single_line  character*80 An arbitrary number of lines of UNIXhell script or Windows bat file

instructions:
lines 2-n:lines which are written to a file calliethmn.prg UNIX) or
fehmn.pre.bafWindows, which is invoked before each realization
using the following command: sehmn.prebl $2 (UNIX systems) or
fehmn.pre.ba$l $2 (Windows)

line n+1: the keyword ‘post’, placed ingtiirst four columns of the input file,
denotes that the previous line is the last line irféhenn.prescript, and
that the data for the post-processing sdagpmn.postollows

lines n+2 to N: lines which are written to a file calfedmn.pos{UNIX) or
fehmn.post.baiwindows), which is invoke after each realization using
the following command: sfehmn.pos$1 $2 (UNIX) orfehmn.post.bat
$1 $2 (Windows)

Thus, the files fehmn.pre and fehmn.pas created by the code and are meant
to provide the capability to performmplex pre- and post-processing steps
during a multiple realization simulatio8cript arguments $1 and $2 represent
the current simulation number and nsim, the total number of simulations,
respectively.

In the following (UNIX style) example, 100 simulations are performed with pre and
post-processing steps carried out. Filehimn.msim”contains the following:

100

echo This is run number $1 of $2
rm fehmn.files

curnum="expr $1°

cp control.run fehmn.files

rm ptrk.input

cp ptrk.np$curnum ptrk.input

echo starting up the run

post

curnum="expr $1°
/home/robinson/fehm/chun_li/ptrk/processl_fuj
rm np$curnum.output

mv results.output np$curnum.output
echo finishing the run again

The first line after the number of simulations demonstrates how the current and total
number of simulations can be accessed infefenn.preshell script. This line will
write the following output for the first realization:

This is run number 1 of 100

The pre-processing steps inglexample are to removeeatiehmn.files file from the
working directory, copy a control file tekhmn.files, copy a particle tracking macro
input file to a commonly named file callgdrk.input and write a message to the
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screen. Théehmn.filesfiles should be used or else the code will require screen input
of the control file name for every realizati. One hundred particle tracking input files
would have been generated previously, and would have the nmanrkespl, ptrk.np2

. ., ptrk.np100 Presumably, these files would allMeadifferent transport parameters,
resulting in 100 different transport rezditions. The post-prossing steps involve
executing a post-processor pragr for the results (processl1_fuj). This post-processor
code generates an output file called tesoutput, which the script changes to
npl.outputnp2.output. . .,npl00.outputfor further processing after the simulation.

One other point to note is that the variatdarnum” in this exarple is defined twice,
once in the pre-processor and again inghst-processor. This necessary because
fehmn.preandfehmn.posare distinct shell scripts @b do not communicate with one
another.

Transfer function curve data input file

In the FEHM particle tracking models, diffies of solute from primary porosity into
the porous matrix is captured using arscgling procedure degied to capture the
small scale behavior within éhfield scale model. The method is to impart a delay to
each particle relative to that of a nondiffusiswjute. Each particldelay is computed
probabilistically through the use of transfenctions. A transfer function represents
the solution to the transport of an idealized system with matrix diffusion at the sub-
grid-block scale. After setting up the idealized model geometry of the matrix diffusion
system, a model curve for the cumulative distribution of travel times through the
small-scale model is computegither from an analyticalr numerical solution. Then,
this probability distribution isised to determine, for eaplarticle passing through a
given large-scale grid block, the travahe of a given particle. Sampling from the
distribution computed from thsmall scale model ensureathvhen a large number of
particles pass through a cell, the desiredritistion of travel times through the model
is reproduced. In FEHM, there are equerg continuum and dual permeability
formulations for thanodel, each of which call for affierent set of sub-grid-block
transfer function curves. These curves muenerical input to the FEHM, with a data
structure described below. Optional input in maargdr, ptrk , andsptr is used to

tell the code when transfer functionreas are required and whether 2 or 3
(numparams) parameter curves are to be used.

Input Variable

Format Description

DUMMY_STRING

NCURVES

LOG_FLAG

character*4  If keywat “free” is input at the beginning of the file, the code
assumes an irregular distribution of transfer function parameters|and
performs either a neast neighbor search thoose the transfer
function curve, or a more computationally intensive multi-curve
interpolation.

integer Total numbef transfer function curvesput in the file when
keyword “free” is used.

integer Array of flags to denote whether to take the natural log of the
parameter before determining the distance from the input paramgter
to the values for each transfer ftioo when keyword “free” is used
If 0, use the input value, if 1, use In(value).
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Input Variable Format Description

NORMAL_PARAM real Array of values for normalizg the parameters before performing the
nearest neighbor or multi-curve inp@lation. Each value is divided
by NORMAL_PARAM(i) if LOG_FLAG is 0, and In(LOG_FLAG)
if LOG_FLAG is 1.

CURVE_STRUCTURE integer Flag to denote the tgpénterpolation to be performed when
keyword “free” is used. If 1, simpleearest neighbor search, if > 1,|a
multi-curve interpolation is performed with curve_strucuture points
nearest to the input values of fh@ameters. It is recommended that
values no greater than 4 be used.

WEIGHT_FACTOR real Optional wieght factosed when CURVE_STRUCTURE > 1. The
default value is 1e-3. When determining the interpolated value o
time using a multi-curve interpolation there are occasions where|the
algorithm yields large values tfe weights usetb compute the
particle residence time. In a fesuch cases numerical errors can
make the scheme fail so that the interpolated values for time
erroneously get very large. This occurs when the sum of the weights
divided by any individual weight is small, that is, large weights of
opposite sign cancelling one another out. To prevent this error in the
scheme from affecting the results, the code reverts to a nearest
neighbor approach to obtain the time. The criterion for this option is
that the sum of the weights divided by any individual weight is less
than weight_factor. Increasing thialue to 1.e-2r higher can
eliminate such occurrences. Tipigrameter is very problem
dependent, so this parameter is included for flexibility. It is
recommended that the default of B.er a higher value of 1.e-2 or sp

be used.
NUMP1 integer Number of parameter 1 values used to define transfer function qurves.
PARAM1 real numplparameter 1 values defining transfer function curves.
NUMP2 integer Number of parameter 2 values used to define transfer function qurves.
PARAM2 real nump2parameter 2 values defining transfer function curves.
NUMP3 integer Number of parameter 3 values used to define transfer function qurves.
PARAM3 real nump3parameter 3 values defining transfer function curves.
D4 integer Fracture-matriftow interaction flag §4 = 1, 4. For the three-

parameter option, the dual permeapititodel requiregour transfer
function curves for each set oframeters. Interactions can occur
from fracture-fracture (d4=1), fracesmatrix (d4=2), matrix-fracture
(d4=3), and matrix-matrix (d4=4).

NUMP_MAX integer Maximum number of delay time and concentration values for transfer
function curves.
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Input Variable Format Description

NUMP integer Number of delay time andno@ntration values in each transfer
function curvg(numpl, nump2, nump3, d4)

DTIME real Transfer functio curve delay timesagmpl, nump2, nump3, d4,
nump.

CONC real Transfer functioourve concentration®i¢mpl, nump2, nump3, d4,
nump.

OUTPUT_FLAG character*3  If optional keyword “out” is entered at the end of the file the code

outputs information on the parameter space encountered during|the
simulation in the *.out file. Seaiptr” macro for further discusion
of the output option.

The transfer function curve data file ugbs following format ifa regular grid of
parameters is input. Please note that parameter values for this format should be input
from smallest to largest value:

numpl
paraml (i), i = 1 to numpl
nump2
param2 (j), j = 1 to nump2
If 2 parameter curves are being input
nump_max
For each i, j (nump3 =1, d4 = 1)
nump(i, j, 1, 1), param1(i), param2(j)
followed by for eaclnump(i, j, 1, 1)
time(i, j, 1, 1, nump), conc(i, j, 1, 1, nump)
Or if 3 parameter curves are being input
nump3
param3(k), k = 1 to nump3
nump_max
For each d4, i, j, k
nump(i, j, k, d4), paraml(iparam2(j), param3(k), d4
followed by for each nupi, j, k, d4)
time(i, j, k, d4, nump), conc(i, j, k, d4, nump)
out_flag (optional) - keyword “out”

The transfer function curve data file ushe following format for the case in which
the transfer functions are input without a regular grid of parameters:

dummy_flag - keyword “free”
log_flag(i), i = 1 to numparams
normal_param(i), i = 1 to numparams
curve_structure, weight_factor (optional)
ncurves
nump_max
For “free” form input of tansfer function curvesimpl = ncurves, nump2 =1,
and nump3 = 1)
If 2 parameter curves are being input
For each i = 1to ncurve (d4 = 1)
nump(i, 1, 1, 1), paraml(i), param2(i)
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followed by for eaclnump(i, 1, 1, 1)

time(i, 1, 1, 1, nump), conc(i, 1, 1, 1, nump)
Or if 3 parameter curves are being input

For each d4 =1to 4,i=1to ncurve

nump(i, 1, 1, d4), paraml(iparam2(i), param3(i), d4

followed by for each nup(i, 1, 1, d4)

time(i, 1, 1, d4, nump), conc(i, 1, 1, d4, nump)
out_flag (optional) - keyword “out”

Please note that all fraceHfracture curves are inptdllowed by fracture-matrix
curves, followed by matrix-fracture cues, followed by matrix-matrix curves.

Optional Input Files

The data for any of the FEHM macros (with the exceptiooomir andelem, where

use of a separate geometry input fildhéndled through control file input) may be
entered in an alternate input file. To usistbption the keyword ‘file’ must appear on
the input line immediately following theontrol statement (maamame). The line
immediately following this keyword will contain the name of the alternate input file.
The contents of the alternate input file consist of the regular full macro description:
the macro name followed by the data. Note that data from only one macro may be
entered per auxilliar§ile. The entries irthe optional input file may be preceded or
followed by comments using the “#” designator (see discussion on page 32). As with
regular macro input, comments may not be embedded within the data block.

Group 1 - LOCKEYWORD
Group 2 - LOCFILENAME

Input Variable Format Description
LOCKEYWORD character*4 Keyword ‘file’ to d@gnate an auxiliary input file is used.
LOCFILENAME character*100 Name of the optional data input file.

The following illustrate the use of an optional input file and its contents. In this
example, optional file fockfile” is located in the currentorking directory. Input for
macro ‘fock” is described in Section 6.2.79 on page 141.

rock
file
rockfile

File “rockfile”:

# Auxiliary file used for rock macro input

rock
1 140 1 2563. 1010. 0.3500

# End of rock macro input
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6.2.5 Option to disable a macro

The data from any input macro may be omitted from a simulation by including the
“off” keyword on the macro line and terminating the macro with an end macro
statement. This also allows the inclosiof an end macro statement for any input
macro. The end macro will follow the last specified line of input. If a macro is
normally terminated with an end keywoitthe macro id is appended to that keyword
(an additional end macro line is not added). This facilitates experimentation with

input options without the need to comment out or remove unwanted macros from the

input file.

In the following example thperm macro is turned off and theyco macro is used in
its place.

perm off
1 0 0 l.e-12 l.e-12 l.e-12
end perm
hyco
1 0 0 3.8e-3 3.8e-3 3.8e-3
end hyco
6.2.6 Control statement adif(optional)
Air-water vapor diffusion. The air-waterfflision equation is given as Equation (21)
of the “Models and Methods Summary” thfe FEHM Application (Zyvoloski et al.
1999).
Group 1- TORT
Input Variable Format Description
TORT real Tortuosity for air-water vapor diffusion.
If TORT > 0, W eqn 21, otherwise
If TORT <0, abs WS, of the same equation.
if TORT > 1, water-vapor diffusion efficient is set equal to the value
specified for the first vapospecies defined in tteac macro.
The following is an example &fdif. In this example the tortuositw{for vapor
diffusion is specified to be 0.8.
adif
0.8
6.2.7 Control statement airwater or air(optional)

Isothermal air-water two-phase simulation.
Group 1- 1C0O2D
Group 2 - TREF, PREF
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Input Variable

Format Description

ICO2D

TREF
PREF

integer Determines the type of air module used.

ICO2D =1, 1 degree of freedom solution to the saturated-unsaturated
problem is produced. This formulation is similar to the Richard’s
Equation.

ICO2D = 2, 1 degree of freedom solution is obtained assuming only gas flow
with no liquid present.

ICO2D = 3, full 2 degree of freedom solution.

All other values are ignored. The default is 3.

real Reference temperature for propertigs.(

real Reference pressure for properties (MPa).

Several macros are affected if the air module is enabled. These are

pres - Because the air-water formulationdsphase at all times, care should be
taken to insure that IEOSD is alyaspecified to be 2. Likewise,
saturations (not tengratures) are used.

init - This macro should not be used besathe saturation values cannot be
specified.
flow - A variety of different flow and boundary values are input with this macro

when the macrairwater is also used. See description of control
statementlow.

The following is an example @irwater. In this example, &ull 2-degrees-of-freedom
solution is specified witla reference temperature foroperty evaluation of 2@¢ and
a reference pressure of 0.1 MPa.

airwater
3
20. 0.1

6.2.8 Control statement anpe

Anisotropic permeability input. Adds cross terms to the perm macro. Do not use with
macros DPDP, GDKM or multiple porosity models.

Group 1- JA, JB, JC, ANXY, ANXZ, ANYZ (JA, JB, JC - defined on page 33)

Input Variable Format Default Description

ANXY real 1.e-30 Anisotropic permeability in the xy-direction3m
ANXZ real 1.e-30 Anisotropic permbdity in the xz-direction (rﬁ).
ANYZ real 1.e-30 Anisotropic permédity in the yz-direction (rﬁ).
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6.2.9 Control statement boun(eitherboun or flow is required for a flow

problem)

Implement boundary conditions and sources or sinks. Input may be time dependent
and cyclic. Time step sisemay also be adjusted.

Group 1- KEYWORD

The Group 1 KEYWORD ‘model’, which stereach model segunce, is followed
immediately by a Group 2 KEYWORD of ‘ti’, ‘ti_linear’, ‘cy’ or ‘cy_linear’.

Group 2 - KEYWORD
Group 3- NTIMES, TIME(l), I=1,NTIMES

The Group 4 KEYWORDs define the various boundary condition parameters being
entered. These KEYWORDSs and associatetd d@roup 5, are reyated as needed for
each model. Note that some keywordisnot have associated variables.

Group 4 - KEYWORD
Group 5- VARIABLE(l), I=1,NTIMES

Additional models are entered by beginning again with Group 1. The
MODEL_NUMBER is incremented each tineenew model is read, and is used to
assign boundary conditions to specified nodes or zones in Group 6.. After all models
have been entered, the section is teatéd with KEYWORD ‘end’ or a blank line.

Group 6 -JA, JB, JC, MODEL_NUMBER (JA, JB, JC-defined on page 33)

Input Variable

Format Description

KEYWORD

character*4 Keyword specifying a model designation, time for boundary condition g
source/sink changes, or actual varialnlesource change. Keywords, whic
must be entered starting in the first column, are:

model - new model definition to follow

Note: Descriptive text, such as thdel number, may be appended after
the ‘model’ keyword as long asi#t contained on a single line, and
begins after column four.

ti - time sequence for changesftdlow (days). The ‘ti’ keyword

results in step function changes in boundary condition
VARIABLE(i) at each TIME()).

ti_linear- time sequence for chandedollow (days). The ‘ti_linear’
keyword will apply a boundary condition that changes linearly
with time. This option does not impose any control on time step
size, so itis possible that a siagime step can span an entire time
interval and the linear change wilbt be seen. If time step size
control is important it should be imposed in three or ctrl
macros.

cy - cyclic time sequence for changesdtbow (days). As with the ‘ti’
keyword, boundary condition changes are step functions.

cy_linear-cyclic time sequence for clyas to follow (days). As with the
ti_linear keyword, boundary condition changes linearly with
time.

sec - Time sequence input is in seconds.
min - Time sequence input is in minutes.

o
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Input Variable Format Description

day - Time sequence inputis in days. (Default)

year - Time sequence input is in years.

Note: The keywords, ‘ti’, ‘ti_linear’, ‘cy’ and ‘cy_linear’, require the time
to start at 0.0. This provides the initial boundary and source/sink
information. If the input for ‘ti’ or ‘cy’ does not start at 0.0 time the
code assumes boundary conditions and source/sinks are 0.0 at time
0.0. The ‘cy’ keyword involves a cyclic changing of conditions.|In
our procedure the cyclads at the last specified time. Thus the code
reverts to the first specified time values. Because of this, the
boundary conditions and source/sinks for the last time change|are
always set to the first time values.The default units for time inplt is
days. Input in seconds, minutes or years is converted to days.|Time
input units have no associated variable input.

tran - Keyword to indicate boundary conditions will not be invokeg

until the steady state portion of the simulation is completed gnd a
transient run is initiated. See masteafor more details.

sa - air source sequence fitranges to follow (kg/s)

sw - water source sequence &branges to follow (kg/s)

swf - source water factor sequencedbanges to follow (multiplier fo
existing mass flow rates)

se - enthalpy source sequence for changes to follow (MW)

sf - water seepage face sequence witfssures for changes to follow
(MPa)

sth - water seepage face sequence athds for changes to follow (m)

fd - water drainage area semce for changes to follow @n

dsa - distributed air source seqaerior changes to follow (kg/s)

dsw - distributed water source sequence for changes to follow
(kgls)

dse - distributed enthalpy sourcegence for changes to follow (MW)

Note: A distributed source (keywordssal, ‘dsw’, and ‘dse’) is a source
term divided over a group of nodes or a zone proportional to the npdal
volume.

wgt - Distributed source is weighted using the nodal control volume.

wgtx - Distributed source is weighted using nodal area = control volume
/ x length scale.

wgty - Distributed source is weighted using nodal area = control volume
/'y length scale.

wgtz - Distributed source is weighted using nodal area = control volume
/ z length scale.

wgtp - Distributed source is weighted using nodal control volume *

permeability.

wgtpx - Distributed source is weighted using nodal control volume *

permeability / x length scale.

wgtpy - Distributed source is weighted using nodal control volume *

permeability / y length scale.

wgtpz - Distributed source is weighted using nodal volume * permeability

/ z length scale.
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Input Variable

Format

Description

Note: The length scale term is the dimension of the control volume
bounding box, xmax-xmin, ymax-ymin, zmax-zmin, depending
upon the suffix, x,y,z. This option is useful when one wants to g
a distributed source on a mesh witriable size mesh cells and
would like the source percentageb® allocated based on surfacg
area of each node.

wgtr

wgtu

wgww - Distributed source is weighted using nodal volume * permeat
* relative permeability * exponentially weigthed distance from

Note:

hd
pw
pa
hdo
pwo

pao

en

ft

kx

ky
kz

Si

pai
pwi
tmi

The distributed source weighting options have no associated
variable input.

Distributed source is weighted using nodal volume * permeal
* relative permeability

Distributed source is weightedth user speéied values (See
macrowgtu).

pump

fixed saturation sequence for changes to follow

fixed hydraulic head sequence for changes to follow (m)
fixed water pressure sequence for changes to follow (MPa)
fixed air pressure sequerfoe changes to follow (MPa)

fixed hydraulic head sequence for changes to follow (m)
(constrained to outflow only)

fixed water pressure sequence for changes to follow (MPa)
(constrained to outflow only)

fixed air pressure sequence for changes to follow (MPa)
(constrained to outflow only)

fixed enthalpy sequence for changes to follow (MW)
fixed temperature sequenfg changes to follow €€)

fixed humidity sequence for changes to follow (must be used
van Genuchten relative permeability model)

fixed flowing temperature sgpience for change to follongt). By
flowing temperature we meanethemperature of the inflow

stream for a specified sourcenié source inflow occurs where
this condition is applied, it will be ignored.

fixed X permeability sequee for changes to follow (fh
fixed Y permeability sequee for changes to follow (?')1

fixed Z permeability sequence for changes to folloﬁ)(m

impedance factor for use with fixed water pressure boundary
condition. If left out the impedance factor will be set to the
volume of the grid cell.

initial value saturation sequence for changes to follow
initial value air pressure ggence for changes to follow (MPa
initial value water pressure sequence for changes to follow (

n}

pply

ity

ity

with

MPa)

initial value temperature sequence for changes to foll@y (
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Input Variable

Format Description

NTIMES

TIME

VARIABLE
MODEL_NUMBER

Note: The keywords ‘si’, ‘pai’, ‘pwi’, and ‘tmi’ refer to changes for a
variable that is NOT fixed. They are similar to specifying initial
conditions in that regard but maée changed according to a time
sequence. At present these 4 keyag only work with isothermal
air-water calculations.

chmo - model number sequence for changes to follow

ts - timestep sequence for changes to follow (days)
end - signifies end of keyword input, a blank line will also work.
integer Number of time changes for bdary condition or source/sink specification.
real NTIMES times for changes boundary conditions or source/sinks.
real NTIMES new values for boundary conditions or source/sinks.
integer Boundary condition model to be associated with designated nodes or|zones

(the number corresponds to the numerical order in which the models were
input, i.e., beginning with KEYWORD 'model’)

The following is an example dfoun. In this example two models are defined. The

first model cyclically changes the waterusoe in a 1.e05 day cycle, i.e., the ‘cy’

keyword entry shows that therte cycle ends at 1.e05 dagsd at this time the cycle
reverts to 0.0 days. Note that the water source at 1.e05 days equals that at 0.0 days.
Also in model 1 the flowing tengrature was alternated between@®@nd 50¢. The
second model uses a time change that occurs at 1.e20 days. This effectively removes
any time variance from model 2. Model 2 has a fixed water pressure and flowing
temperature condition. The models are applied at nodes 26 and 27 in the last two lines.
It should be noted that the model numbers included in the example (following
KEYWORD ‘model’) are not part of the requiténput but are descriptive text used to
enhance readability of the macro.

boun
model 1
cy
4 0.0 lel l.e2 1l.e5
sw
-l.e-4 -l.e-5 -l.e-3 -l.e-4
ft
20.0 50.0 50.0 20.0
model 2
ti
2 0.0 1.e20
pw
0.1 0.1
ft
20.0 20.0
end
26 26 1 1
27 27 1 2

In the second example, a distributed wageurce is used to model a zone where
production is turned on and off. Keyword ‘kz’ is used to specify a higher permeability
when production is occurring. The ‘ts’ keyword is used to reset the time step to 1.0
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days, at the beginning of each time intervidie model is applied to zone 100 in the
last line.

boun
model 1
ti
4 0.0 91.325 182.625 273.9375
ts
1.0 1.0 1.0 1.0
dsw
29.248 0.0 29.248 0.
kz
8e-12 2e-12 8e-12 2e-12
end
-100 0 0 1

6.2.10 Control statement bougoptional)

Constant density and viscosity are used for the flow terms (Boussinesq
approximation). NOTE: where tHBus macro is used, the grdy term in the air
phase is set to zero.

Group 1 - ICONS

Input Variable

Format Description

ICONS

integer Parameter to enable constant density and viscosity for flow terms

ICONS 2 enabled.
ICONS disabled (default).

The following is an example dfous In this example the Boamesq approximation is
enabled.

bous
1

6.2.11 Control statement carl(optional)

Macrocarb is used to set up a G@roblem. Input following the problem type is
grouped using sub keywords.

Group 1- IPRTYPE

Group 1- KEYWORD

KEYWORD “co2pres”

JA, JB, JC, PHICO2, TCOZ2, ICES

KEYWORD “co2flow”

JA, JB, JC, SKTMP, ESKWP, AIPED, IFLG_FLOWMAC
KEYWORD “co2diff”

JA, JB, JC, DIFF, TORTCO?2
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KEYWORD “co2frac”

JA, JB, JC, FW, FL, YC, CSALT, INICO2FLG

KEYWORD “userprop”

DENC, DENCP, DENCT, ENC, ENCP, ENCT, VISC, VISCP, VISCT
DENW, DENWP, DENWT, ENW, EMVP, ENWT, VISW, VISWP, VISWT

KEYWORD “brine”

Input is terminated with KEYWORDénd carly or “endcarly

Input Variable Format

Default

Description

IPRTYPE integer

KEYWORD character
KEYWORD “end carb” or “endcarb”

KEYWORD “co2pres”

PHICO2 real 0.
TCO2 real 0.
ICES integer 0

KEYWORD “co2flow”

SKTMP real 0.

ESKTMP real 0.

IPRTYPE = 1, Water only problem (2 DOFs)
IPRTYPE = 2, CQ only problem (2 DOFs)

IPRTYPE = 3, CQ-water problem, no solubility (3 DOFs)
IPRTYPE = 4, CGQ-water problem, w/ soubility (4 DOFs)
IPRTYPE =5, CG-water-air w/ solubility (5 DOFs)

Remaining inputg@souped using sub-macro keywords.
End ofcarb input.

Set up the initial pressure (uses the same format g &sanacro)

Initial CQ pressure (MPa).
Initial CQ temperature )

Initial guess for phase state of,(&@tual phase will be calculated
internally):

ICES =1 for liquid

ICES = 2 for two-phase liquid and vapor

ICES = 3 for vapor

ICES = 4 for super-critical CQ

Set up co2 flow boundary conditions (similar to theev macro used
to set up water boundary conditions)

If IFLG_FLOWMAC =1, 2, 3, 4, 5 or 9 G@lowing pressure

(MPa). If SKTMP = 0 the initial value of pressure will be used fg
the flowing pressure.
If IFLG_FLOWMAC = 6 or 7 CQ mass flow rate (kg/s).

If IFLG_FLOWMAC = 8 CG, flowing saturation.

If IFLG_FLOWMAC =1, 2, %, 7 or 9 Enthalpy of fluid injected
(MJ/kg). If the fluid is flowing fran the rock mass, then the in-plag
enthalpy is used. If EFLOW < €hen ABS(EFLOW) is interpreted
as a temperatureft) and the enthalpy calculated accordingly.

If IFLG_FLOWMAC = 4 or 5 CQ flowing saturation.

if IFLG_FLOWMAC = 8 mass fraction of CO

=

e
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AIPED real

IFLG_FLOWMAC integer

KEYWORD *“co2diff”

DIFF real
TORTCO2 real

KEYWORD “co2frac”

FW real
FL real
YC real
CSALT real
INICO2FLG integer

KEYWORD “userprop”

DENC real
DENCP real
DENCT real
ENC real

0.

0

o © o o

If IFLG_FLOWMAC =1, 2, 4 or 9 COmpedance parameter.
If IFLG_FLOWMAC =5 or 6 value is ignored.

If IFLG_FLOWMAC = 7 CG; flowing saturation.

If IFLG_FLOWMAC = 8 Water mass flow rate (kg/s).

Flag specifying boundary condition type:

IFLG_FLOWMAC =1 Constant pressure boundary condition
with inflow or outflow allowed. AIPED is user specifie

IFLG_FLOWMAC =2 Constant pressure boundary condition
with only outflow allowed. AIPED is user specified

IFLG_FLOWMAC =3 Constant pressure boundary conditiof
AIPED is calculated in the d® based on block geometri
parameters.

IFLG_FLOWMAC =4 Constant pressure and constant
saturation boundary condition. AIPED is user specified

IFLG_FLOWMAC =5 Constant pressure and constant
saturation boundary condition. AIPED is calculated in the
code based on block geometric parameters.

IFLG_FLOWMAC =6 Constant free phase g@ass flow rate
boundary condition.

IFLG_FLOWMAC =8 Constantaurce of water with specified
mass fraction of C®(kg/s)

IFLG_FLOWMAC =9 Partial explicit update of nonlinear part
of CO, constant pressure

L

o~

Read CQ diffusivity in water
Diffusion
Tortuosity for CRwater vapor diffusion.

Read initial CQ, air, water/brine saturation. FG, CO2/air-rich gas
saturation (volume fraction), FG =1 - FW - FL.

Water-rich liquid saturation (volume fraction).
CQ-rich super-critical/liquid phase saturation (volume fraction).
Mass fraction of C£in the CQ-rich phase.

Initial salt concentration in water for brine (ppm) (only used if
“brine” keyword is invoked.

Flag to override GQractions read from restart file. If set to 1 the|
input values are used instead of those read from the restart file.

Read user defined properties for £and brine
CO, density (kg/ni)
Derivative of density with respect to pressure.

Derivative of densityith respect to temperature.

CQ enthalpy (MJ/kg).




FEHM V3.1.0 Users Manual Page: 52

ENCP
ENCT
VISC

VISCP
VISCT
DENW

DENWP

DENWT

ENW

ENWP

ENWT

VISW

VISWP

VISWT
KEYWORD “brine”

real Derivative of enthalpyith respect to pressure.

real Derivative of enthalpwith respect to temperature.

real CO, viscosity (Pa)

real Derivative of viscosity with respect to pressure.

real Derivative of viscositwith respect to temperature.

real Brine density (kg/m)

real Derivative of density with respect to pressure.

real Derivative of densitwith respect to temperature.

real Brine enthalpy (MJ/kg).

real Derivative of enthalpyith respect to pressure.

real Derivative of enthalpyith respect to temperature.

real Brine viscosity (Pa)

real Derivative of viscosity with respect to pressure.

real Derivative of viscosityith respect to temperature.
Invoke option for brine in the simulation. (salt-concentration
dependent C@solubility)

In the following example, zone 1 is injecting €0@issolved water at 0.001 kg/s. The
temperature is 2€C. The water has a dissolved €@ass fraction of 0.3. The code
will check internally whether the userexgfied mass fractioexceeds the equilibrium
mass fraction calculated using the pressaurd temperature values of the injection
node. In case it does exceed thalue, it is fixed at thequilibrium mass fraction. The
user can specify a value of "zero" an@ ttode will automatically fix the dissolved
CO, mass fraction at the equilibrium value. Zone 2 is maintained at initial pressure
using "aiped" calculated internally.

carb
4
co2pres
1 0 0 3. 20. 4
-1 0 0 13 20. 4
-2 0 0 .6 20. 4
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co2frac
1 0 0 1.0 0.0 0 100000 0
-1 0 0 0.9465 .0535 0 0. 0.
co2flow
-2 0 0 0 -20. -le-1 3
-1 0 0 -0.0001 -20. 0. 6
end carb

6.2.12 Control statement cderfoptional)
Use concentration-dependent density for flow.

The following restrictions apply to the use of this macro: 1) It cannot be used with the
macro “head”, which assumes constant fluid density; 2) The updating of density is
explicit, based on the concentration vala¢she previous timstep. Therefore,

accuracy of the solution must be tested bings smaller time steand ensuring that

the results have converged; 3) The fluid flow time steps should be small enough that
only one or two solute time steps are carried out before the next fluid time step,
because relatively small changes in tlh@aentration field areequired for accuracy;

and 4) The heat and mass transfer solution must be kept on during the entire
simulation for the results to be meaningful (see ma@o).

Group 1 - ISPCDEN
Group 2 - FACTCDEN

Input Variable Format Description

1%

ISPCDEN integer The number tife chemical componentirac that is used for applying th¢
concentration-dependent density.

FACTCDEN real The factor used in the following relationship for fluid density (K/m
density = density_water + FACTCDEN*C

wheredensity water the density of pure water (kg?pn andC is the
concentration of chemical component ISPCDEN

The following is an example afden In this example, aoponent number 1 itrac is
used. For concentrations of order 1, the density correction would be 100, of order 10%
of the nominal value of water density of 1000 kg/m

cden
1
100.

6.2.13 Control statement cflx(optional)

Total moles of liquid solute moving through a zone are output by choosing this control
statement. Vapor solute molar flows are emtty not available. When this macro is
invoked, the following output is given at every solute time step:
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* The sum of all solute source flow rates for each zone
» The sum of all solute sink rates for each zone

* The sum of all solute entering each zone

* he sum of all solute leaving each zone

e The net source/sink (boundargolute flow for each zone

The following values can be included on the macro line to specify which solute flows
should be outputl (source) 2 (sink) 3 (netin) 4 (netout) 5 (boundary) The default
is to output all values.

Zones must be defined using maaaneprior to using this macro.
Group 1- CFLXZ
Group 2 - ICFLXZ(l), | =1, CFLXZ

Input Variable Format Description

CFLXZ integer Number of zones for which output for solute flow through the zone is
written.

ICFLXZ integer Zone numbers for which solute flow output is written (NFLXZ zones)

The following is an example afflx. In this example solute flow through zones 1, 6
and 10 will be output.

cflx
3
1 6 10

6.2.14 Control statement cgdgoptional)

Assign rate-limited gdpm nodes [i.e. make the connection value large for those nodes that
serve only to link gdpm nodes (diffusion only) to the flow field].

Group 1 - wddl
Group 2 - JA, JB, JC, IGDPM_RATE_NODES

Input Variable

Format Description

macro

IGDPM_RATE_NODES integer GDPM nodes for which rate should be limited.

character Process to be modified:
‘heat’
‘tran’

6.2.15 Control statement chegoptional)

Convert output from pressure to head (ftwad problems). The reference temperature
and pressure are used to calculate derisityhe head calculatiorzor this macro the
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data are entered on the macro line, and ifttad the specified detdt values are used.
(Note that all five values must betened to override the default values.)

Input Variable Format Default Description
HEADO real 0. Reference head (m)
TEMPO real 20. Reference temperaturef)
PRESO real 0.1 Reference pressure (MPa)
SAT_ICH real 0. Saturation adjustment after variable switch
HEAD_ID real 0. Output head identification for small saturations
The following is an example ahea In this example pressures will be converted to
heads for output using a reference pressure of 1 MPa and a reference temperature of
25 ¢.
| chea 0. 25.1.0.0. ‘
6.2.16 Control statement condrequired for non-isothermal problem)
Assign thermal conductivities of the rock.
Group 1 - JA, JB, JC, THXD, THYD, THZD (JA, JB, JC - defined on page 33)
Input Variable Format Default Description
THXD real 1.e-30 Thermal conductivity in the x-directid mi“K ).
THYD real 1.e-30 Thermal conductivity in the y-directidp EV\_ZK ).
THZD real 1.e-30 Thermal conductivityn the z-directior( %( ).

The following is an example afond. In this example all the nodes numbered 1

through 140 have thermal conductivities o( 1mW—~K ) in the X and Y diregons, and
0 in the Z direction.

cond
1 140 1 1.00e-00 1.00e-00 0.00e-00

6.2.17 Control statement conr{optional)

Print number of connectionsrfeach node (after simplification of connectivity based on
porosity) and stop. This macro can be used to determine if isolatesl axedeft active after

the porosity has been set to zero to deactivate the flow solution in portions of the grid. Poorly
connected nodes cause proldanith the particle tracking algorithms in FEHM.
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6.2.18 Control statement con{optional)

Contour data output format, output timestep intervals, and time intervals.

Group 1 -

NCNTR, CONTIM

An alternative form of input for macroont is possible. This is

Group 1 -
Group 2 -

ALTC, NCNTR, CONTIM, KEYWORD
CHDUM (only input if ALTC isavs’, ‘avsx’, ‘surf’, or ‘tec’)

If CHDUM = ‘ zone’ that line is followed by

NSURF
IZONE_ISURF(l), I=1, NSURF

Input Variable

Format

Description

ALTC

NCNTR

CONTIM

KEYWORD

CHDUM

character*4

integer

real

character*4

character*72

free, ment, ptrn):

Time stepnterval for contour plots (number of timesteps). Output contd
information each NCNTR timesteps.

Timeinterval for contour plots (days). In addition to output each NCNT
timesteps, output contour information each CONTIM days.

(used wheraltc is “avs” or “avsx” or “sur” or “tec”)

UCD, AVS Express, SURFER or TEC®T format. Keywords are entere
one per line and terminated with ‘endcont’ or ‘end cont’. Valid keyword
(case insensitive) are:

Keyword specifigg the type of contour output wanted (avs, avsx, fehm

‘avs’ produces contour plot files compatible with the AVS postproces

‘avsx’ produces contour plot filesompatible with the AVS Express
postprocessor.

‘fehm’ produces a binary output file. The same contour plot file is
produced using the first form of Groupl input.

‘free’ produces a free fmat contour plot file.

‘surf’ produces a contour plot file compatible with the SURFER
postprocessor.

‘tec’ produces a contour plotdi compatible with the TECPLOT
postprocessor.

Optional keyword ‘time”, ugiene (days) in file name instead of number

Keyword specifying type of contour plot data files to be created in AV

(Hormatted - output data in ASCII format.

(m)aterial - output contour values for material properties.

(Diquid - output contour values for liquid phase.

(va)por - output contour values for vapor phase.

(dp)dp - output contour values for dual permeability nodes.

(9)eo - output geometry values (comates and connectivity, avs style ¢
old tecplot style).

(gn)id - output grid geometry and connectivity in a tecplot grid file forn
Parameter files will be output using tecplot variable format.

sOor.

ur

wn

at.

(n)odit - do not oyiut a contour file at each dit (seme macro).




Page: 57

FEHM V3.1.0 Users Manual

Input Variable

Format Description

NSURF

IZONE_SURF

(c)oncentration - oufput solute concentration values.

(ca)pillary - output caplihry pressure values.

(co2) - output saturation values (liquid/supercritical liquid and gas).

(de)nsity - output density values.

(di)splacement - output ¥, and z displacements for stress problem.
When ‘reldisp’ is specified in th&trs macro relative displacements afte
output.

(fh)ydrate - output htdrate fraction.

(fhux - output node flux (addition&eywords ‘net’ ‘volume’ ‘vwg’)

(fw)water - output water fraction.

(h)ead - output head values.

(hy)drate - output hydrate values.

(pe)rmeability - output permeability values.

(po)rosity - output porosity values.

(p)ressure - output pressure values.

(s)aturation - output saturation values.

(so)urce - output source values.

(stra)in - output strain for a stress problem.

(stre)ss - output defined stresses (X, y, z, Xy, Xz, yz).

(tyemperature - outpuémperature values.

(ve)locity - output velocity values.

(wt) - output water table elevation.

(xX)yz - output node coordinates

(zi)d - output number of zone containing this node (as defined at end of
input file)

(2)one - output values for specified zones (entered on following lines

(e)ndcont - last keyword entered.

If a format keyword is not entered etklefault is ‘formatted’. In the current
version of the code this is the only format option supported. The default for
data keywords is “off” (no output). The letters given in () are sufficient|to

identify the keyword. The ‘zone’ra ‘geo’ keywords can not be used
together. Geometry data will not be output if both keywords are specified.

integer Number of output zones (entered following ‘zone’ keyword).

integer List ofisurfzone numbers (entered following ‘zone’ keyword).

FEHM will automatically distinguish between the alternative input formats. When
keywords are used they mus¢ entered starting in the$t column. The contour data
will be output whenever either ¢iie interval criteria are satisfied.

For keyword output, if thenaterial keyword is selected, the following material
property values (at the initisime) will be written foreach node: permeability in the

X, Y, and z directions, thermal conductivity in the x, y, and z directions, porosity, rock
specific heat, capillary pressure, relatpgrmeability model being used, and capillary
pressure model being usedvHporand/orliquid are selectedyressure velocity, or
densitymust also be defined (otherwise, no data for these values will be written).
velocitywill result in vector values, other values will be scalacdhcentrationis
selected, values will be outpanly if nspeci is defing for tracer solutions. See the
control statementrac for a description of nspeci for solutes.
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The following are examples @bnt. For the first example, FEHM binary format
contour output filesvill be written evey 100 timesteps and feeach 1.e20 days. The
second example invokes AVS contour output. AVS UCD formatted files will be
written for every 100 time eps and 1.e20 days. The rdguj files will include a log
file, geometry file, plus header and datiedifor the following: material properties,
solute concentrations, liquid velocities, pressures and temperatures.

cont cont
100 1.e20 avs 100 1.e20
mat
con
liquid
velocity
pressure
temp
formatted
endavs

6.2.19 Control statement conyoptional)

Convert input from head to pressuret€f used when converting a head-based
isothermal model to a heat and mass simulation with pressure and temperature
variables. The reference temperature aedchare used to calculate density for the
head calculation. It should be noted that this is an approximate method. Since the
density is a nonlinear function of presswand temperature this method will give
slightly different answers #n a calculation allowing a water column to come to
thermal and mechanical equilibrium.

The reference head (headO) is converted twessure and added to the reference
pressure (convl) and this sum is used il reference temperature to calculate a
density. This density is used to convert the head to pressure for the identified zone.
The option of adding a temperatugeadient is provided as well.

The reference head (head0) is entered on the macro line:

conv HEADO

Group 1 - NCONV

Group 2 — ZONE_CONYV, ICONVF,ONV1,CONV2,CORDC,IDIRC,VARC

Group 2 is entered for each zone (nconv times).

Input Variable Format Description

HEADO real Reference head (m)

NCONV integer Number of zones for variable conversion
ZONE_CONV integer Zone for variable conversion

ICONVF integer iconvf : 1- initial conditions, 2-boundary (fixed head)
CONV1 real Reference pressure (MPa)

CONV2 real Reference temperatureg)
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Input Variable Format Description

CORDC real Reference coordinate (m)

IDIRC integer Coordinate direction (1 - X,2-Y,3-2)
VARC real Temperature gradientg{/m)

The following is an example afonv. Here the density used to convert head to
pressure is calculated with a referetead of 1000 m plus 0.1 MPa and &Q The
nodes in zone 45 are convertedm heads to pressures at @0

conv 1000.
1
45 1 0.1 80. 0. 0 0.0

6.2.20 Control statement coofrequired if macrddm not used)

Node coordinate data. These data are isgaeated by a mesh generation program,
then cut and copied into the input file or a separate geometry data input file. The mesh
must be a right handed coordinate system. Note that X, Y, and Z coordinates must be
entered even if a problem is not three-dimensional. Version2.30 added the ability to
provide the coordinate data informatted or unformatted file.

Group1- N

Group 2 - MB, CORD1, CORD2, CORD3

To end the control section a blank line is entered.

Input Variable Format Description
N integer Number of nodes in the grid
MB integer Node number. If MB < 0 then thdéference between thebsolute value of

MB and the previouslyead absolute value of MB is used to generate
intermediate values by interpolation.

CORD1 real X-coordinate of node MB (m).
CORD2 real Y-coordinate of node MB (m).
CORD3 real Z-coordinate of node MB (m).

The following is an example afoor. In this example, therare 140 nodes in the grid.
Node number 1 has X, Y, Z coordinates of 0., 200., and 0. meters respectively, node 2
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has X, Y, Z coordinates of 12.5, 200., andreters respectively, and so forth, with
node number 140 having X, Y, Z coordinates of 300., 0., and 0. meters respectively

coor
140
1 0.00000 200.00000 0.00000
2 12.50000 200.00000 0.00000
10 212.50000 200.00000 0.00000
140 300.00000 0.00000 0.00000

6.2.21 Control statement ctrl(required)

Assign various control parameters needed for equation solvers and matrix solver
routines. Suggested values for the control parameters are shown in “{ }" in the table.
For older input files where MAXSOLVE and ACCM were not input, the default is
ACCM = gmre and MAXSOLVE = 3*NORTH.

Group 1 - MAXIT, EPM, NORTH, MAXSOLVE, ACCM

Group 2 - JA, JB, JC, NAR (JA, JB, JC - defined on page 33)
Group 3 - AAW, AGRAV, UPWGT

Group 4 - |AMM, AIAA, DAYMIN, DAYMAX

Group 5- ICNL, LDA

Input Variable Format Default Description

MAXIT integer Maximum number of iterations allowed in either the overall
Newton cycle or the inner cycle $olve for the corrections at eagh
iteration. If MAXIT < 0 then the maximum number of iterations|is
ABS(MAXIT) but the minimum number of iterations is set to 2
{10}

EPM real Tolerance for Newton cycle (novdar equation tolerance). Note
EPM gets overwritten by TMCH in ITER macro if that variable
defined. {1.e-5}

is

NORTH integer Number of orthogonalizations in the linear equation solver. Npte -
for more complicated problemisicrease NORTH. For example,
for fully coupled stress problme,s recommend using a value of 80
and gmre. {8 for gmre, 1 for bcgs}

MAXSOLVE integer Maximum number of solver iterations per Newton iteration
allowed. {100}
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Input Variable

Format

Default

Description

ACCM

NAR

AAW

AGRAV

UPWGT

IAMM

AIAA
DAYMIN
DAYMAX
ICNL

character*4

integer

real

integer

real

integer

real
real
real

integer

1.0e-05
30.0

Acceleration method for solver

bcgs - Biconjugate gradié stabilizedacceleration.
Recommended for isothermal steady-state saturated flow
problems.

gmre - Generalized minimum residual acceleration.
Recommended for all other types of problems.

The order of partial Gauss elimination {1 or 2 is recommende
Larger values increase memorjligation but may be necessary
for convergence.

Implicitness factor. {1}
AAW d1, use standard pure implicit formulation.
AAW > 1, use second-order implicit method.

Direction of gravity
AGRAV = 0, no gravity is used.
AGRAV = 1, X-direction.
AGRAV = 2, Y-direction.
AGRAV = 3, Z-direction.

A value for gravity of 9.81 mfsis used in the code when
AGRAV z0. If AGRAV > 3, AGRAV is set equal to 3.

Value of upstam weighting {1.0}.
If UPWGT < 0.5, UPWGT is set to 0.5
If UPWGT > 1.0, UPWGT is setto 1.0

Maximum number of iterations for which the code will multiply
the time step size. If this numbefrtime steps is exceeded at an
time, the time step will not be increased for the next time. Set
IAMM < MAXIT {7-10}.

Time step multiplier {1.2-2.0}
Minimum time step size (days)
Maximum time step size (days)

Parameter that specifies the geometry

ICNL = 0, three-dimensional

ICNL=1, X-Y plane

ICNL = 2, X - Z plane

ICNL =3,Y - Zplane

ICNL = 4, X - Y radial plane, (radius is X)
ICNL =5, X - Z radial plane, (radius is X)
ICNL = 6, Y - Z radial plane, (radius is Y)

d}.
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Input Variable

Format

Default

Description

LDA

integer

0

Parameter that specifitbe external storage of geometric
coefficients

LDA = -2, element coefficients are calculated in the code an

saved, unformatted, on fifden.stor

LDA = -1, element coefficients are calculated in the code an

saved on fildilen.stor

LDA = 0, element coefficients arcalculated in the code and n
saved

LDA = +1, element coefficias are read from filélen.storand
no coefficients arealculated in the code

LDA = +2, element coefficients aread, unformattk from file
filen.storand no coefficients are calculated in the code

LDA = +5, element coefficias are read from filélen.storand

no coefficients are calculatedtine code. Coefficients are re

saved unformatted, dilen_UNF.stor
LDA = +6, element coefficias are read from filéilen.storand

no coefficients are calculatedtine code. Coefficients are re

saved formatted, ofilen_FOR.stor
LDA = +7, element coefficients aread, unformattk from file
filen.storand no coefficients are calculated in the code.
Coefficients are re-saved unformatted fiten_UNF.stor
LDA = +8, element coefficients aread, unformattk from file
filen.storand no coefficients are calculated in the code.
Coefficients are re-saved formatted,fiben_FOR.stor

It should be noted that if the cdiefents are read from a file (LDA
> 0) then the macrofinv is ignored as well as information read

from macroslemandcoor since the coefficients are not being
calculated.

Dt

The following is an example daftrl. In this example, the maximum number of

iterations allowed is 40, tolerance for solving the nonlinear equations using Newton

iterations is 1.e-7, and the number ofhmgonalizations in the linear equation solver

is 8. The order of partial Gauss elimination for all nodes 1 through 140 is 1. A forward

implicit formulation is used for the time derivative, there is no gravity, and full
upstream weighting is used. The numbeitefations for which the time step is
increased is 40, the time step is increalsgd factor of 1.2 at each iteration, the

minimum time step size is 0.1 days, and the maximum time step size is 60 days. The

geometry of the problem is 2-dimensional in the X-Y plane and the finite element
coefficients are calculated during the run and not saved.

ctrl
40
1

1.0
40
1

le-7 8 24 gmre
140 1 1

0.0 1.0

1.2 0.1 60.0

0
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6.2.22 Control statement dpdp(optional)

Double porosity / double permeability fornation. There are two sets of parameter
values at any nodal position, for which property values must be defined. Nodes 1 to N
(see macraoor for definition of N) represent the fracture nodes and nodes N + 1 to
2N the matrix material. Whenones are used with tlipdp macro, additional zones

are automatically generatede&instructions for the macmwnefor a more detailed
description. Thelpdp parameters are only defined for the first N nodes.

Group 1- IDPDP
Group 2 - JA, JB, JC, VOLFD1 (JA, JB, JC - defined on page 33)
Group 3- JA, JB, JC, APUV1 (JA, JB, JC - defined on page 33)

Input Variable Format Default Description

IDPDP integer Solution descriptor for double porosity/double
permeability solution.
IDPDP = 0, information is read but not used.
IDPDP z0, dpdp solution is implemented.

VOLFD1 real 1. \olume fraction for fracture node.

APUV1 real 10. Half spacing betweemétures (m). See TRANSFLAG in
macros MPTR and PTRK.

The volume fraction VOLFD1 is related to the total volume by
VOLFD1+VOLFD2 = 1.0

where VOLFD?2 is the volume fraction of the matrix node. If permeability model IRLP
= 4 is selected iontrol statementp, VOLFDL1 is calculated from RP15 (fracture
porosity) in that control statement.

The following is an example afpdp. In this example, the dual porosity/permeability
solution is implemented for all nodes from 1 through 140. The fractional volume in
the fractures (compared to the total volume) is 0.005 and the length scale for matrix
nodes is 0.1 m.

dpdp
1
1 140 1 0.005
1 140 1 0.10

6.2.23 Control statement dualoptional)

Dual porosity formulationThere are three sets of pareter values at any nodal
position, for which property values must be defined. Nodes 1 to N (see sw@arfor
definition of N) representhe fracture nodes, nodes N + 1 to 2N the first matrix
material, and nodes 2N + 1 to 3N the secomatrix material. Wkn zones are used
with thedual macro, additional zones are automatically generated. See instructions
for the macraonefor a more detailed description. THeaal parameters are only
defined for the first N nodes.
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Group 1- IDUALP

Group 2 - JA, JB, JC, VOLFD1 (JA, JB, JC - defined on page 33)
Group 3- JA, JB, JC, VOLFD2 (JA, JB, JC - defined on page 33)
Group 4 - JA, JB, JC, APUVD (JA, JB, JC - defined on page 33)

Input Variable Format Default Description

IDUALP

VOLFD1
VOLFD2

APUVD

integer Solution descriptor for dual porosity solution.
IDUALP = 0, information is read but not used
IDUALP z0, dual porosity solution is implemented
For the special case of IDUAL= 2, the permeabilities
and conductivities are scalbg the volume fraction, i.e.,

k=vf*k
real 0.001 Volume fraction for fracture portion of the continuum,
real 0.5 Volume fraction for the first matrix portion of the
continuum.
real 5. Length scale fahe matrix nodes (m).

The volume fractions VOLFD1 and VOLFD?2 are related to the total volume by
VOLFD1+VOLFD2+VOLFD3 = 1.0

where VOLFD3 is the volume fraction ofdlsecond matrix node. If permeability
model IRLP = 4 is seleet in control statememlp , VOLFDL1 is calculated from RP15
(fracture porosity) in that control statement.

The following is an example afual. In this example, the dual porosity solution is
implemented for all nodes from 1 throughQl The volume fraction for the fracture is
0.006711409, the volume fraction for the first matrix portion is 0.335570470, and the
length scale for the matrix nodes is 0.1 m.

dual
1
1 140 1 0.006711409
1 140 1 0.335570470
1 140 1 0.10

6.2.24 Control statement dve(optional)

Velocity between two nodes is output by choosing this control statement. The input
for this macro isdentical to macrdixo, except that velocities instead of fluxes are
calculated (see page 75). In the following exampldwal, a single internode velocity

is calculated between nodes 101 and 102.

dvel
1
101 102
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6.2.25 Control statement elengrequired if macrddm not used).

Element connectivity data. These data usually created by a mesh generation
program, then cut and copied into the input file or a separate geometry data input file.

Group 1 -
Group 2 -

NS, NEI
MB, NELM (1), NELM (2), . . ., NELM (NS)

IF NS < Othen ABS(NS) is interpreted #ise number of nodes per elemeMtS < O
signals the code to make rectangles (orksim three dimensions) a sum of triangles
(or tetrahedrals). This provides more sk&pin nonlinear problems with a distorted
mesh. Figure 2 shows availabélement types and theda numbering convention.
To end the control section a blank line is entered.

Input Variable Format Description

NS integer Number of nodes per element.

NEI integer Number of elements

MB integer Element number. If MB < 0 théime difference between the absolute val
of MB and the previous absolutelwa of MB is used to generate
intermediate values by interpolation in the code.

NELM (1) integer First node of element MB

NELM (2) integer Second node of element MB

NELM (NS) integer Last node of element MB

The following is an example aflem. In this example therare 4 nodes per element,
i.e., the elements are 2-dimensional quadeiialis,. There are atel of 117 elements
in the model, element number 1 is defined by nodes 15, 16, 2, and 1, element number
2 is defined by nodes 16, 17, 3 and2, and so on.

el

em

I TN

116
117

117
15 16 2 1
16 17 3 2
24 25 11 10
25 26 12 11
26 27 13 12
138 139 125 124
139 140 126 125
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2-D

A
A\

Figure 2. Elements available with FEHM2rD and 3-D problems showing nodal numberi
convention.
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6.2.26 Control statement eogoptional)

Equation of State. Provide the code wétlternate thermodynamiproperties for the
liquid and/or vapor phases. (This is one way in which the code may be instructed to
simulate nonisothermal, single phase aimHy also be used to make comparisons
between the code and analytical solutitimst use different equations of state.)

Group 1 - [|IEOSD, IPSAT, ITSAT
Group 2 - EWI, EW2, EW3, EW4, EWEW6, EW7, EW8, EW9, EW10, EW11
Group 3 - EVI, EV2, EV3, EV4, EV5, EV6, EV7, EV8, EV9, EV10, EV11

For calculation of the simplified thermodymé& equations the above data is used to
generate first order equations. The exception to this is the viscosity of the liquid and
use of the ideal gas law. The viscosity of the liquid uses a 1/T term. For the
calculation of vapor density and its derivatyéhe ideal gas law is used instead of a
linear relationship. Thus, EV4 and EV5 are need, but are included so the format is

the same as that for the liquid parameters in Group 2.

Input Variable Format Description

IIEOSD integer Equation of state reference numéren IIEOSD =1 or 2 are used, they refer
to the high and low pressure data sedspectively, in FEHM. For these values
the input in Group 2 and Group 3 will be ignored after it is entered. When|any
value other than 1 or 2 are used, the-gsdined equation dftate is used with
Groups 2 and 3 for input.

IPSAT integer Parameter to set vajpoessure to zero. If IPSAZ0 the vapor pressure is set
to zero, otherwise the vapor pressure is calculated in the code.

ITSAT integer Parameter to adjust the saturat@mperature. If ITSAK 0, the saturation
temperature is set to -10@D. If ITSAT > 0, the saturation temperature is set to
1000¢C. If ITSAT = 0, the calculated value is used.

EW1 real Liquid reference pressure (MPa).

EW2 real Liquid reference temperatur€y.

EW3 real Liquid reference density (kgfn

EW4 real Derivative of liquid density with respect to pressure at reference conditions.

EWS5 real Derivative of liquid density with resgt to temperature at reference conditions.

EW6 real Liquid reference enthalpy (MJ/kg).

EW7 real Derivative of liquid enthalpy with rest to pressure at reference conditions.

EWS8 real Derivative of liquid enthalpy witlespect to temperature at reference
conditions.

EW9 real Liquid reference viscosity (Pa s).

EW10 real Derivative of liquid viscosity wittespect to pressure at reference conditions.

EW11 real Derivative of liquid viscosity with respect to temperature at reference
conditions.

EV1 real Vapor reference pressure (MPa).
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Input Variable Format Description

EV2 real Vapor reference temperatur).

EV3 real Vapor reference density (kgfn

EV4 real Not used, included only to maintain a similar format to Group 2. Density
variation with pressure governed by ideal gas law.

EV5 real Not used, included only to maintain a similar format to Group 2. Density
variation with temperaturgoverned by ideal gas law.

EV6 real Vapor reference enthalpy (MJ/kg).

EV7 real Derivative of vapor enthalpy with respect to pressure at reference conditjons.

EV8 real Derivative of vapor enthalpy withspect to temperature at reference
conditions.

EV9 real Vapor reference viscosity (Pa s).

EV10 real Derivative of vapor viscosity with respect to pressure at reference conditjons.

EV1l real Derivative of vapor viscosity thirespect to temperature at reference
conditions.

The following is an example afos In this example, a useatefined equation of state
is specified and the vapor pressure andrsdion temperature are calculated in the
code. For liquid properties, the refecenpressure is 0.1 MPa, the reference
temperature is 2@, and the reference density is 998. kﬁ]/the derivative of density
with respect to pressure is zero anithwespect to temperature is -0.2 k&/mi:. The
reference enthalpy is 0.88 MJ/kg, the derivatof enthalpy with pgssure is zero, and
the derivative with temperature is 4.2e-03 MJ/§Q/The reference viscosity is 9.e-04
Pa% and the derivatives of viscosity withegisure and temperatuare zero. For vapor
properties, the reference pressure s MPa, the reference temperature is @0 and
the reference density is 1.29 kginThe reference enthalpy is 2.5 MJ/kg, the
derivative of enthalpy with pressure@s and with tempeture is 0.1 MJ/kgéc. The
reference viscosity is 2.e-4 Baand its derivatives with pssure and temperature are

zero.
€0s
3 0 0
0.1 20. 998 0. - 0.8 0. 4.2e- 9.e- 0. 0.
0.1 20. 1.2 0. 0 8 0. 3 4 0. 0.
9 . 25 0.1 2.e-
2 4
0.

6.2.27 Control statement exrloptional)

Allows the user to choose linearized té&la permeability. Thdinearized relative
permeability is formed using the nonlinear value of relative permeability at the
iteration number IEXRLP. After that iteration a relative permeability value based on a
Taylor series expansion in saturation is used.
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Group 1 - IEXRLP

Input Variable Format Description
IEXRLP integer If IEXRLPt 1, then linearized relatespermeability. Otherwise not
enabled.

In the following example oéxrl, the user enables linearizeglative permeability at
the first iteration.

exrl
1

6.2.28 Control statement fdm(required if macraoor andelemnot used)
Finite difference input.
Group 1 - KEYWORD
Group 2 - MODCHAR (only if KEYWORD is “modf”)
or
Group 2 - NX, NY, NZ (if KEYWORD is “block” or “poin”)
Group 3 - X0, YO, Z0 (only if KEYWORD is ‘block)
Group 4 - MB, COORDINATE (X, Y o) (if KEYWORD is “poin”)
or
Group 4 - MB, SPACING (DX, DY, DZ) (if KEYWORD is “bloc”)

Group 4 is repeated for each NX, NY, and N2, iall X data are input, followed by Y
data, followed by Z data for eachviion terminated by a blank line.
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Input Variable Format Description

KEYWORD character*4 Keyword indicating format fifiite difference input to follow (“block”,
“poin”, or “modf”).

MODCHAR character*132 If the keyword is “modf”, thema of a modflow geometry data file is inpl
and the finite difference input is read from that file and no other data is
input.

NX integer Number of divisions in the x direction.

NY integer Number of divisions in the y direction.

NZ integer Number of divisions in the z direction.

X0 real Coordinate of x origin point (m).

YO real Coordinate of y origin point (m).

Z0 real Coordinate of z origin point (m).

X real X coordinate (m).

Y real Y coordinate (m).

z real Z coordinate (m).

DX real Node spacing ithe x direction (m).

DY real Node spacing in the y direction (m).

Dz real Node spacing ithe z direction (m).

MB integer Division number. If the divish number is negative the code will spa

each divison from the previous the current psportional to the

ut

assigned spacings.
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In the followingexample offldm, the “block” format is used.There is ldivision in the
X and Y directions, and 50 divisions in the Z direction. The spacing is 1 m in the X
and Y directions, and 0.002 m feach division in the Z direction.

fdm

block
1 1 50
0. 0. 0.
1 1.0 b
1 1.0
1 0.002
-50 0.002

6.2.29 Control statement finv(optional)

Used so that FEHM calculates finite volume coefficients. No input or action is
associated with this macro. iBhmacro is on my default.

Note that in previous versions of FEHtHe default was to generate finite element
coefficients instead of finitgolume coefficients for thBow calculations. This can be
performed by using macntfinv.

6.2.30 Control statement flow(eitherboun or flow are required for a flow
problem)
Flow data. Source and sink parameters are input and may be used to apply boundary

conditions. Note that the alternative definitions for isothermal models apply when
flow is used in conjunction with control statemaimwater (page 43).

Group 1- JA, JB, JC, SKD, EFLOW, AIPED (JA, JB, JC - defined on page 33)

Input Variable Format Default Description

Non-Isothermal model

SKD real 0. Heat and mass source strerfggits), heat only (MJ/s). Negative
value indicates injeatin into the rock mass.

EFLOW real 0. Enthalpy of fluid injected (MJ/kg). If the fluid is flowing from the
rock mass, then the irlgze enthalpy is used.

(1]

If EFLOW < 0, then ABS(EFLOWis interpreted as a temperatur
(&) and the enthalpy (assumingtesmonly) calculated accordingly.
In heat only problems with EFLOW < 0, the node is in contact with
a large heat pipe that supplies heat to the node through an

impedance AIPED so as to ma&im its temperature near ABS
(EFLOW). Large values (approximately 1000) of AIPED are
recommended.
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Input Variable Format Default Description

as a flowing wellbore pressure (MPa) with an impedance
ABS(AIPED). If AIPED < 0, flow is only allowed out of the well.
For heat only, AIPED is the therin@sistance. If AIPED = 0, SKD

the rock mass.

EFLOW real 0. a) EFLOWt 0, EFLOW is the source liquid saturation,
Q, = SKD "EFLOW (kg/s),

Q, = SKD"1-EFLOW (kgls)

b) EFLOW < 0, ABS(EFLOW) ishe source air pressure (MPa)
Q. = SKD (kgls)
Q=10 ~ Pa—ABS{ EFLOW (kg/s)

In the above and following reIationQW is the source term for

water,Q, is the source term fair, andP, is the in-place air
pressure. The second case works wedlituations where inflow is

AIPED real 0. Used only as flag to indicate Constant Mass Rate.
Case 2: AIPED > 0 (Constant Pressurengtant Liquid Saturation Source or Sink)
SKD real 0. Specified source pressure (MPa).
EFLOW real 0. a) EFLOW < 0, air only source.
Q, = AIPED ™ P,—SKD (kg/s)

b) 0 < EFLOW 1, EFLOW is specified source liquid saturation
for SKD t 0, 2-phase source,

Q, = AIPED ™ P,—SKD (kg/s)

Q, = AIPED §—-EFLOW 7P, (kgls)
when SKD < 0, water only souré@, = 0
In the above reIatiorS is the in-place liquid saturation.

c) EFLOW = 1, water only source.
Q, = AIPED ™ B, —SKD (kgls)

AIPED real 0. Impedance parameter. If AIPE nonzero, the code interprets SKD

is flow rate. If AIPED z0 and SKD = 0 the initial value of pressure
will be used for the flowing pressure.
Note that If the porosity of the node is zero, thengh®ionly a temperature soluticend the code forms a source
proportional to the enthalpy difference. The source term is giveQby AIPED © E— EFLOW , Where
E is the in-place enthalpy and EBW is a specified enthalpy.
Isothermal model
Case 1: AIPED = 0 (Constant Mass Rate, 1- or 2-Phase Source or Sink)
SKD real 0. Mass source strength (kg/s). Negative value indicates injection into

specified and it is desired to hold the air pressure at a constant yalue.
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Input Variable Format Default Description

AIPED real Impedance parameter. A large value is recommendéd (@®) in
order to create a flow term large enough to maintain constant
pressure.

Case 3: AIPED < 0 (Outflow only, iP, ! SKD)

SKD real 0. Pressure above ieh outflow occurs (MPa)
EFLOW real 0. Not used.
AIPED real 0. Impedance parameter.

Q, = ABS AIPED R, eR P,—SKD (kgls)

where RI is the water relative permeability anﬁi}l is the water

viscosity.
PARAMETER SKD EFLOW
Physics Model AIPED* to 0 to 0
Flowing wellbore
10 Flowing wellbore | pressure (MPa) -
) pressure (MPa) injection into rock
mass
Flow rate (kg/s)
Non-isothermal -0 Flow rate (kg/s) Heat only (MJ/s) - (EASIIE?I? I;;y ;r(;:r?perature
- Heat only (MJ/s) | injection into rock 9
mass
Flowing wellbore
0 pressure (MPa) - | N/A
outflow only
Specified source Specified source Source liquid Air only
10 pressure (MPa) - : source - (used
pressure (MPa) saturation
Water only source as flag)
Mass source Source air
_ Mass source strength (kg/s) - | Source liquid
Isothermal =0 s 2 : pressure
strength (kg/s) injection into rock | saturation (MPa)
mass
Pressure above
0 which outflow N/A N/A
occurs (MPa)

* Impedance parameter

The following are examples dliow. In the first example, at node 88, a mass flow of
0.05 kg/s at 25¢ is being witldrawn from the modeBecause fluid is being
withdrawn the in-place tempature will actually be used-or every 14th node from
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node 14 to 140, the pressure and tempeeatwe being held constant at 3.6 MPa and
160 &, respectively. This represents a constemperature rechge along one of the
problem boundaries.

flow
88
14

88 1
140 14

0.050
3.600

-25.0 0.
-160.0 1.

In the second example, the corresponding inpuafowater (page 43), is included,
indicating an isothermal air-water two-phase simulation is being run with a reference
temperature for property evaluation of & and a reference pressure of 0.1 MPa. At
nodes 26 and 52, water saturation is 100% an@mia being injected at 2.e-3 kg/s. At
nodes 1 and 27, there is am anly source, with a specifiggressure of 0.1 MPa, and

the air is being injected at the rate of 100*(Pa - 0.1) kg/s.

airw ater
2
20.0

flow
26
1

0.1
52 26 -2.e-3 1.0 0.
27 26 0.1 -0.2 l.e2

6.2.31 Control statement flo2optional)

Group 1 -

JA, JB, JC, JD, SKD, EFLOWJPED (SKD, EFLOW, AIPED - defined
on page 71 under control stateméoiv)

Multiple lines of input may be used, terminated by a blank line.

Input Variable Format Description
JA integer Indices used to define planes in a 3-D simulation with a regular numbering
) pattern. The flow rates are defined within the inner loop of the do loops:
JB integer DO JK = JA, JB
. KL =JK-JA
JC integer DO 13 =JA +KL, JC +KL, JD
JD integer ENDDO
ENDDO

6.2.32 Control statement flo3optional)

Alternate format for flow data for a seepage face.

Group 1- JA, JB, JC, PFLOW, ESK, AIPEKA (JA, JB, JC - defined on page 33)
Input Variable Format Description
PFLOW real Ambient pressure (MPa) or flow area?)m
ESK real Not used
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Input Variable Format Description
AIPED real Same as above for AIPED under keywoftbiv”
KA integer Flag to indicate seepageé (-3) or unit gradient flux (-2)

6.2.33 Control statement floaloptional)

The input for this macro is identical to madtow, except that it is relevant only to
mass flows and the values are additive to existing fluxes for the defined nodes.

6.2.34 Control statement flxn(optional)

There is no input associated with this macro. It is a flag to FEHM to output all source
and sink fluxes (non-zero values) hgde to a file named source_sink.flux.

6.2.35 Control statement flxo(optional)
Mass flow between two nodes is output by choosing this control statement.
Group 1 - NFLX
Group 2 - IFLX1, IFLX2 (repeated NFLX times)
Group 3- X1, Y1, Z1 (as needed)
Group 4- X2,Y2, Z2 (as needed)

If IFLX1 < 0, thenafter all IFLX1 and IFLX2 valuesre read, coordinates X1, Y1,
and Z1 are read and the node nearestésdtcoordinates is used. If IFLX2 < 0,
coordinates for the second node are readhnimnother line. The code cycles through
each IFLX1 and IFLX2 in this manner, réad coordinates when needed. Results are
written to the screen if tty output is enabled and to the outpuidfiie

Input Variable Format Description

AIPED real Same as above for AIPED under keywitoad/

NFLX integer Number of internode mass flows to be calculated.

IFLX1 integer First node to be used in mass flow calculation.

IFLX2 integer Second node to be used in mass flow calculation. If IFLX2 = 0, then the

node connected to LIX1 with the greatest internadidistance is used to
calculate the mass flow.

X1 real Coordinates of the first node to be used in mass flow calculation. Used only
for those nodes where IFLX1 < 0.

Y1 real

Z1 real

X2 real Coordinates of the second node to be used in mass flow calculation. Used
only for those nodes where IFLX2 < 0.

Y2 real

Z2 real

The following are examples diixo. In these examples, one internode flux is
calculated. In the first case (left), frotine node numbered 193 to the node numbered
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195, and in the second case (right) between nodes closest to coordinates 0., 0., 0. m
and 20., 20., 20. m.

flxo flxo
1 1
193 195 -1 -7
0. 0. 0.
20. 20. 20.

6.2.36 Control statement flxzloptional)

Total flow through a zone is output by choosing this control statement. When this
macro is invoked, the following output isvgin at every heat and mass transfer time
step:

« The sum of all source flow rates for each zone

* The sum of all sink Bw rates for each zone

e The net quantity passing through each zone

* The net source/singuantity for each zone

The following keywords can be included on the macro line to specify which flows
should be outputliquid mass vapor massthermal energyThe default is to output
any active quantity in the simulation.

Zones must be defined using maaane prior to using this macro.
Group 1 - NFLXZ
Group 2 - IFLXZ(l), I = 1, NFLXZ

Input Variable Format Description

NFLXZ integer Number of zones for which output for water mass flow through the zone is
written.

IFLXZ integer Zone numbers for which water ssaflow output is written (NFLXZ zones

The following is an example dixz. In this example water mass flow through zones 1,
6 and 10 will be output.

flxz water
3
1 6 10

6.2.37 Control statement fper(optional)

Assign permeability scaling factors.
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Group 1 - JA, JB, JC, SCALEX, SCALEYSCALEZ (JA, JB, JC - defined on

page 33)
Input Variable Format Default Description
SCALEX real 1.0 Permeability scatirfactor in the x-direction.
SCALEY real 1.0 Permeability scaljrfactor in the y-direction.
SCALEZ real 1.0 Permeability scafirfactor in the z-direction.

The following is an example dper. In this example, the \aes of the permeability
(defined in a previouperm macro) are multiplied by 1.0 in the X direction, 0.5 in the
Y direction, and 0.1 in the Z direction.

fper
1 140 1 1.0 0.5 0.1

6.2.38 Control statement ftsc

Flag to allow distribution of fluxes (flux e¢odections) when satutian is greater than
1.

6.2.39 Control statement frlp(optional)
Relative permeability facterfor residual air effect.
Group 1 - JA, JB, JC, RLP_FAC (liquid), RLP_FAC (vapor) (JA, JB, JC - defined

on page 33)
Input Variable Format Description
RLP_FAC (liquid) real Residual liquid relative permeability value (i = 1 to n0).
RLP_FAC (vapor) real Residual vapor relative permeability value (i = n0 + 1 to 2*n0).

6.2.40 Control statement gdkm(optional)
Generalized dual permeability model.
The input structure for thgdkm module is the same as thdpm input in FEHM.
Group 1 - GDKM_FLAG, NGDKMNODES

Group 2 - NGDKM_LAYERS(l), VFRA_PRIMARY(l), (GDKM_X(l,J),
J=1,NGDKM_LAYERS(l))

An arbitrary numbers of lines of input, terminated by a blank line.
Group 3 - JA, JB, JC, IGDKM (JA, JB, JC - defined on page 33)

Input Variable Format Description

GDKM_FLAG integer Flag to denote that the GDKM model option is being invoked. The default
is 0 if GDKM is not being usedt present the only model allowed is model
11. This is a parallel fracture type model.
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Input Variable

Format Description

NGDKMNODES

NGDKM_LAYERS

VFRAC_PRIMARY

GDKM_X

IGDKM

integer Total number of matrix nodes present in the simulation. The GDKM
gridblocks, in contrast to GDPM gridblocks, are restricted to a single
secondary node in a GDKM gridblockhus NGDPMNODES is equal to
the number of gridblocks that have a GDKM model applied to them.

integer The number of matrix nodes specified for this model number. This is
always 1 for GDKM grid blocks. All pmary nodes assigned to this model
number (using the IGDPM input below) will have 1 matrix node.

real The fraction of the total control volume that is assigned to the primary
porosity. Then, 1-VFRAC_PRIMARY is the fraction of the control volume
that is assigned to the secondary porosity node.

real The matrix discretization distance for the matrix node associated with this
model (units of meters). For the one secondary node allowed in the GDKM
formulation, the average distance to the secondary node from the primary
node.

integer Model number for parametatsfined in group 2. These values are
assigned only for the primary nodes. The default is 0, which denotes that
there are no dual permeability nodes at that primary nodes.

Input VariableFormatDescription

6.2.41 Control statement gdpn{optional)

Data to define the parameters in the Generalized Dual Porosity model formulation.
Group 1 - GDPM_FLAG, NGDPMNODES

Group 2 - NGDPM_LAYERS(l), VFRE_PRIMARY(l), (GDPM_X(l,J),
J=1,NGDPM_LAYERS(l))- an arbitrgrnumbers of lines of input,
terminated by a blank line.

Group 3- JA, JB, JC, IGDPM (JA, JB, JC - defined on page 27)

Input Variable

Format Description

GDPM_FLAG

NGDPMNODES

NGDPM_LAYERS

integer Flag to denote that the GDPM model option is being invoked. The default
is 0 if GDPM is not being used. If 1, matrix node geometry is parallel
fractures; if 2, matrix node geomgis spherical, with the fractured
medium residing at the exterior of an idealized spherical block, and
transport occurs into the block.

integer Total number of matrix nogheesent in the simulation. Since this number
may not be known at runtime, the caday be run once with a placehold
value for NGDPMNODES. If the numbgrincorrect, the code will repor
the appropriate value and stop. Thddue can then be entered and the
simulation will proceed wén the code is rerun.

1%
—

integer The number of matrix nodes specified for this model number. All primary
nodes assigned to this model number (using the IGDPM input below)| will
have NGDPM_LAYERS matrix nodes.
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Input Variable Format Description

VFRAC_PRIMARY real The fraction of the total control volume that is assigned to the primar
porosity. Then, 1-VFRAC_PRIMARYs the fraction of the control
volume that is divided among the dual porosity nodes.

GDPM_X real The matrix discretization distandesthe matrix nodes associated with
this model (units of mters). Grid points are placed at these values to
discretize each matrix block. There must be NGDPM_LAYERS valu
entered in ascending order. For terallel plate geometry, the final
value is the distance to the centeel between the fractures, and for
the spherical geometry, the finallua is the radius of the sphere.

IGDPM integer Model number for parametelefined in group 2. These values are

assigned only for the primary nodes. The default is 0, which denotes
there are no dual porosity nodes at that primary node.

that

Based on the input in this macro, the cadternally assigns node numbers, finite
element coefficients, and reastructs the connectivity array for the grid. The original

nodes in the grid (the primary nodes) retain the node numbers 1 to NEQ_PRIMARY,
where NEQ_PRIMARY is the number of nodes assigned in the moo The
matrix nodes are assigned numbers from NEQ_PRIMARY + 1 to NEQ_PRIMARY +
NGDPMNODES. To assignh nxax node numbers, theode loops through each
primary node, and if GDPM nodes areesffied, assigns the node numbers in
increasing order within the matrix block tifat primary node. [Note that the user is

responsible for assigning rock, hydrologic, and transport properties for the matrix
nodes as well as the primanpdes. For input using zones, this process is facilitated
with the convention that zone numbers associated with matrix nodes are set to
ZONE_DPADD + the zone nuneb for the correspondingdcture node (see page 33).
This convention is overwritten for any mtnode for which the user assigns a zone
number using the ‘nnum’ option in the maaone]

For output, the code can report time-varyirgjues in the “.out”, “.his”, and “.trc”
files for both primary and matrix nodes, but fields written for the entire grid (for
example, in the AV®utput using the macroont) are output only for the primary

nodes.

The following is an example @fdpm. In this example the ntidax nhode geometry is
parallel to the fractures and there are 1479 matrix nodes distributed in 29 layers. A
single model is defined which is applied to the entire problem domain.

gdpm
1
29
.019
.39908
1.9994

1479
.0001 .001 .002 .003 .004 .006 .009
.02901 .03901 .04901 .05901 .09902 .19904 .29906
49910 59912 .69914 .79916 .89918 .99920 1.4993
24995 29996 3.4997 3.9998 4.4999 5.0000

0 0 1

6.2.42 Control statement gradoptional)

Gradient model input.
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Group 1 - NGRAD
Group 2 - [1ZONE_GRAD, CORDG, IDIRG, IGRADF, VARO, GRAD1
Group 2 is repeated (NGRAD times) feach gradient modideing defined..

Input Variable Format Description
NGRAD integer Number of gradient models.
IZONE_GRAD integer Zone ass@ted with ith model
CORDG real Reference coordinate of gradient equation.
IDIRG integer Coordinate direction of gradient.
IGRADF integer Variable to which gradient is applied.
IGRADF = 1, Pressure
IGRADF = 2, Temperature
IGRADF = 3, Saturation
IGRADF = 4, Fixed boundary pressure
IGRADF = 5, Fixed boundary temperature
IGRADF = -5, Fixed boundary temperature, for inflow nodes
IGRADF = 6, Methane pressure
IGRADF = 7, Fixed Methane boundary pressure
IGRADF = 8, Fixed boundary heat flow
IGRADF =9, CQ pressure
IGRADF = 10, Fixed C@boundary pressure
IGRADF = 11, Pressure for matrix in gdkm or gdpm model
IGRADF = 12, Temperature for matrix in gdkm or gdpm model
VARO real Value of variable at reference point.
GRAD1 real Gradientvith distance.

The following is an examplef grad. A temperature graditin the Y direction from
the reference point of 0 will be applied to zone 1.

grad
1
1 0. 2 2 10. -150.

6.2.43 Control statement hcon

Flag to set solution to heat conduction only.

6.2.44 Control statement headoptional)

Hydraulic head values are usfat input and output instead of pressures. Use of this
macro enables the Boussinesq approximatimué macro) and isothermal air-water
two-phase simulationajrwater macro) automatically. It affects thpres andflow
macros by requiring head information @rle pressure values were previously
required. The default is to have no input associated with this macro. However, an
optional head increment can be given aftexr head macro keyword. This value will
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be added to all input head values to ensusingle phase fluid state. Note that the
value will be subtracted before output is written.

Input Variable Format Default Description
HEADO real 0. An incremental value that will be added to all input hefads
(m).

The following is an example dfead. In this example the opinal head increment is
included and a value of 1000. m is added to all input head values.

head 1000. |

6.2.45 Control statement hflx(optional)

Heat flow input.
Group 1 - JA, JB, JC, QFLUX, QFLXM (JA, JB, JC - defined on page 33)

A negative heat flow indicates heat flow into the reservoir.

Input Variable Format Default Description

QFLUX real 0. If QFLXM = 0, then QEUX is the heat flow (MW). If
QFLXM z0, then QFLUX is a temperaturé) and the
heat flow is calculatedccording to the formula:

Qy = QFLXM x T— QFLUX (MW).

QFLXM real 0. If QFLXM ! 0, multiplier for heat flow equation given in
QFLUX description (MWAE). This must be large for
large temperature gradisnor when a constant
temperature must be maintained.

If QFLXM < 0, then QFLUX is interpreted as a fixed
saturation and

Qy = ABS QFLXM x §-QFLUX (Mw)

The following isan example ohflx. In this example, at eaatode from 401 to 410, a
heat flow of 0.001 MW is being injected into the model.

hflx
401 410 1 -0.001 0.0

6.2.46 Control statement his{optional)

History data output selection, output timestep intervals, and time intervals. Parameters
will be output for the nodes specified in thede or nod2 macro in individual files for

each parameter selectedolftput zones are defineddqde macro) the output will be a
volume weighted average fordlzone. Currently zone averjvalues can be output

for pressure, head, temperaguand enthalpy. History files will be named using the

root portion of the history file nameoot_name.hisprovided as input, e.g., pressure
output would be in a file namedoot_name_pres.hisThe named history output file
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will contain run information and the list of selected output nodes (with their
coordinates) and zones (with node list).

Group 1 - CHDUM

or using optional input or keywords

Group 1 - CHDUM, NHIST, HISTIME

where CHDUM is ‘years’, ‘days’, ‘hrs’, or ‘seconds’
or

Group 1- CHDUM, CHDUM1, ..., CHDUMn

where CHDUM is mpa, pressurgensity, viscosity, or global

Input Variable

Format Description

CHDUM

character*80 Keyword specifying type of lasg plot data files to be created. Keywords
are entered one per line and terminatétth ‘end hist’ or a blank line.
Keywords must be entered starting in the 1st column. Valid keywords (case
insensitive) are:

‘tecplot’ - data will be output tisg tecplot styleheaders and format

‘csv’ or ‘surfer’ - data and parametkeaders will be output as comma
separated variables (‘csv’ format)

Note; If a file format keyword is being used, it must immediately follow the
macro name. Alternatively, it may be entered on the macro line. The default
is for the headers and data to be output using plain text and spaces.

‘years’ - output time in years
‘days’ - output time in days

‘hrs’ - output time in hours
‘seconds’ - output time in seconds

Note: If a time keyword (years, daysshor seconds) is not entered, output
time will be in days and data whie output for each timestep. The time
output keywords may be used wiptional input NHIST and HISTIME.

‘mpa’ or ‘pressure’ - output pressure in MPa
‘deg’ or ‘temperature’ - output temperature Gp
‘head’ or ‘meters’ - output head in meters
‘feet’ - output head in feet

‘saturation’ - output saturation

‘wco’ - water content

‘flow’ or ‘kgs’ - output flow in kg/s

‘enthalpy’ - output enthalpy in MJ/kg

‘efl’ or ‘mjs’ - output enthalpy flow (MJ/s)
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Input Variable Format Description
‘density’ - output density (kg/f)
‘humidity’ - output relative humidity
‘viscosity’ - output viscosity (Pa-s)
‘zflux’ - output zone fluxes
‘concentration’ - output speciesmentration (concentrations for each
specie will be output in a separate file)
‘wt’ - output water table elevation
‘co2s’ - output CQ saturations (volume fractions) An ‘' or ‘g’ may be
appended to co2s to specify that only liquid or gas saturation should be
output.
‘co2m’ - output total C@mass (kg), free C&Omass fraction, and dissolved
CO, mass fraction. Other wise use the form listed below to output
specified quantity:
‘co2mt’ - output total C@ mass (kg)
‘co2mf’ - output free C@ mass fraction
‘co2md’ - output dissolved C£Omass fraction
‘cfluxz’ - output CG, zone fluxes
‘displacements’ - output difgcements (m), ‘disx’, ‘By’ or ‘disz’ may be
used to select only the y, or z displacement.
‘stress’ - output stresses, ‘strsx’, strsgtrsz’, ‘strsxy’, ‘drsxz’ or ‘strsyz’
may be used to select specific stress components.
‘strain’ - output strain
‘rel’ - output a table of relative pmeability values for each input model
‘global’ - output global parameters
NHIST integer OptionalTime stepnterval for history plots (humber of timesteps). Output
history information each NHIST timesteps. If not entered NHIST = 1.
HISTIME real OptionalTimeinterval for history plots. Imddition to output each NHIST
timesteps, output history informati@ach HISTIME. Units correspond to
units specified by selected time put keyword (years, days, hours, or
seconds). If not entered HISTIME = 1.e30.
CHDUM1 ... character*80 Optional keywords specifying selections for history plot data files to be
CHDUMnN

created. Optional keywordse entered on the same line as primary
keywords. If no optional keywords are used the code will determine wh

will be output based on problem input. Up to 3 optional keywords may pe

entered.

at
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Input Variable

Format Description

Valid keywords (case insensitive) ussidh keyword ‘pressure’ or ‘mpa’
are:

‘total’ or ‘water’- output total or water pressure
‘air’ - output air pressure
‘capillary’ - output capillary pressure

‘co2’ - output CQG pressure

Valid keywords (case insensitive) used with keyword ‘density’ or ‘viscosjity
are:

‘water’ - output water density or viscosity

‘air’ - output air/vapor density or viscosity

D

‘co2’ - output CQ liquid and gas density or viscosity. An ‘I' or ‘g’ may b
appended to co2 to specify that only liquid or gas density should b
output.

D

Valid keywords (case insensitiveyed with keyword ‘global’ are:

‘mass’ - output mass balances only for problem (excluding steam) (used
with keyword ‘global’)

‘water’ - output water balances only for problem (excluding steam) (used
with keyword ‘global’)

‘steam’ - output mass/water balance only for problem including steam
(used with keyword ‘global’)

=N

‘air’ = output air / vapor balances only for problem (used with keywor
‘global’)

‘energy’ - output energy balances only for problem (used with keyword
‘global’)

Note: If no optional keywords are used with the ‘global’ keyword the cade

will determine which balances will be output based on problem input (mass/
energy or water/air). Currently only 1 optional keyword may be used with
global to specify a single balance type. Balance output includes: Total
(mass, water, air in kg, energy in MJ) in system, total discharge, total ipput,
current dischargegurrent input, and net discharge.

The following are examples dfist. For the first example, time will be output in years
and temperatures iff. Data will be output each 1000@imesteps or @ime intervals
S 50 years. In the second exampleressures in MPa (water and air) and
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temperatures inC will be written each timestep anisne will be output in days. The
global mass balance for water wéllso be output at each time step.

hist hist
years 100000 50. mpa total air
deg deg
end global mass
end

6.2.47 Control statement hycdrequired if macrgerm not usedl)

Hydraulic conductivity input.
Group 1 - JA, JB, JC, PNXD, PNYD, PNZD (JA, JB, JC - defined on page 33)

Input Variable Format Default Description

PNX real 1.e-30 Hydraulic conductivity in the x-direction (m/s).
PNY real 1.e-30 Hydraulic conductivity in the y-direction (m/s).
PNz real 1.e-30 Hydraulic conduciiy in the z-direction (m/s).

The following is anexample of théayco macro. In this example, nodes 1 through 140
are specified to have hydraalconductivities in the X, Y, and Z directions of 1.0e-5,
1.0e-5, and 0. m/s respectively.

hyco
1 140 1 1.00e-05 1.00e-05 0.00e-00

6.2.48 Control statement ice or metijoptional)
Ice phase calculations, not tested.
Group 1 - ICE, SIIN, TMELT
Group 2 - JA, JB, JC, Sll (JAB, JC - defined on page 33)

Input Variable Format Description

ICE integer Solution descriptor for ice solution.
ICE = 0, information is read but not used.
ICE z0,icesolution is implemented.

SIIN real Default value for ice saturations@d when ice saturation Sll in Group 2 is
set to 0 at any node).

TMELT real Freezing temperature of wategy.

Sl real Ice saturation. The default value is [0].

6.2.49 Control statement impf(optional)

Time step control based on maxim allowed variable change.
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Group 1 - DELPT, DELTT, DELST, DELAT

Input Variable Format Description

DELPT real Maximum allowable pressure chafgewhich time step will be increased.
(MPa)

DELTT real Maximum allowable temperatuchange for which time step will be
increased. )

DELST real Maximum allowable saturation change for which time step will be
increased.

DELAT real Maximum allowable air pressucbange for which time step will be

increased. (MPa)

The following is an examples ahpf. In this example, presseichanges are limited to
0.5 MPa, temperature changes to ) saturation changes to 0.1, and air pressure
changes to 0.05 MPa during a time step.

impf
0.5

20.0 0.1 0.05

6.2.50 Control statement init(required if macrgresnot used)

Set initial pressure and temperature at all nodes.

Group 1 -

PEIN, TIN, TIN1, GRADIDEPTH, TIN2, GRAD2, QUAD

Note that the macrpres may overwrite some of the kees that are set by macimt .

Input Variable Format Description

PEIN real Initial value of pressure (MPa)inftial values are reafftom the read file
(iread), then this value is ignored. If gravity is present, this is the value
the pressure at node 1, and the otiaalal pressuresre adjusted by
applying the hydraulic head. Absolyieessures are used. Pressure as a
function of depth is calculated with TIN <O.

TIN real Initial value of temperaturegg). If TIN dO, then the initial temperatures
are calculated using the temperatgradient formulas given below.

TIN1 real Defined in formulas belowd)

GRAD1 real Defined in formulas belowgt/m)

DEPTH real Defined in formulas below (m)

TIN2 real Defined in formulas belowd)

GRAD2 real Defined in formulas belowgt/m)

QUAD real

T = TINL+ GRADL uZ,0 dZ dDEPTH
T = TIN2+ GRAD2 uZ + QUAD uZ .z > DEPTH

Defined in formulas below @/m?)

of
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The following are examples afit. In the first example, the initial pressure is 3.6
MPa and the initialemperature is 24@ over the entire range of depth for the model.

init

3.6 0.0 240. 0. 0. 240. 0. 0.

In the second example, the initial pressisr6.0 MPa and the initial temperature field
is defined using a surface temperature of@0and linear gradient of 0.&/m for
depths ranging from 0 - 2500 m.

init

5.0 0.0 20. 0.3 2500. 20. 0.3 Q.

6.2.51 Control statement intg

6.2.52 Control statement iso{optional)

If used, assumes an isotropic geometrydiaga coefficients. The isotropic assumption
results in a saving of up to 1/3 for coefficiesiorage. No input iassociated with this
macro.

6.2.53 Control statement iter(optional, but recommended)

If the user is not familiar with the linear equation solver routines in FEHM (Zyvoloski
and Robinson, 1995) control statemért should not be used.

Group 1- G1, G2, G3, TMCH, OVERF
Group 2 - IRDOF, ISLORD, IBACK, ICOUPL, RNMAX

The parameters G1, G2, and G3 are used to calculate the completion criteria for the
linear equation solver. The edian for the stopping criteria is:

EPE = G3*max TMCH mak FO min G1*SQRT(R**2) G2*R*%)

where R**2 is the sum-squared of thguation residuals, and FO is the

SQRT(RO**2)*EPM for the first iteration (see macuarl for a definition of
EPM). The other parameters are defined below.

Input Variable Format Default Description

Gl real l.e-6 Multiplier for the linearonvergence region of the Newton-
Raphson iteration.

G2 real l.e-6 Multiplier for the quadia convergence region of the
Newton-Raphson iteration.

G3 real l.e-3 Multiplier relating Newton Raphson residuals to stopping
criteria for linear solver

TMCH real l.e9 Machine tolerance if TMCHO. If satisfied by the residual

norm, the Newton iteration is assumed to be complete.
Newton-Raphson stopping criteria if TMCH < O
(recommended). If TMCH < 0 #n the ABS(TMCH) is used
as a tolerance for each equatet each node. Convergencelis
achieved if the residual of eyeequation at every node is
< ABS(TMCH).
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Input Variable

Format

Default

Description

OVERF

IRDOF

ISLORD

IBACK

real

integer

integer

integer

11

Over relaxation factor for passive nodes in adaptive imp
method.

Enables the reduadelyree of freedom method. If
IRDOF = 0, reduced degrees of freedom are not required

When IRDOF = 1, a reduced degree of freedom from 3 to R or
3to 1lis used. When IRDOF = 2, a reduced degree of freedom

from 3 to 2 is used. If IRDOF =11, then an air only solutior]
found for the isothermal air-water process model. If IRDO
-11, then the residual fdhe air equation with thairwater

macro is ignored. If IRDOF =13, then a liquid only solution
for theairwater macro is assumed. {0}

Examples of 1, 2, 3, 4 anddégrees of freedom models are:
1 - heat only or mass only.
2 - heat and mass, or air-water (isothermal)
3 - air-water with heat (non-isothermal)
4 - heat and mass, double permeability or air-water
(isothermal), double permeability
6 - air-water with heat, double permeability
See Tseng and Zyvoloski (2000) for more information on
reduced degree of freedom method.

Reordering parameter. The value of ISLORD and the
corresponding equation order is given below. The orderin
has an effect on the speedcohvergence of several solutiof
algorithms, but will not affect most users. For problems of
order 2 or greater, the orderingn be understood by labelin
each equation. For exampte a 3-degree of freedom
problem with mass, heat, and noncondensible gas, label
mass equation as 1, the heat equation as 2, and the
noncondensible gas equation as 3. In general mass (wate
heat or air, air. For doubfgermeability problems fracture
equations precede matrix equasoi.e., for an air-water
problem - mass water fracture, mass air fracture, mass w
matrix, mass air matrix. {0}

ISLORD

w N

2 Degrees of 3 Degrees of 4 Degrees of 6 Degrees

Freedom Freedom Freedom of Freedom
1,2 1,2,3 1,2,3,4 1,2,3,4,5,|
2,1 1,3,2 1,3,2,4 1,4,2,5, 3,

2,1,3
2,31

IRDOF parameter. If IBACK = 0, SOR iterations are not
performed before call to solver. If IBACK =1, SOR iteratio
are performed before call smlver. If IBACK = 2, SOR
iterations are performed foge call to SOLVER, and
SOLVER is called twice. {0}

icit

=
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Input Variable Format Default Description

ICOUPL integer 0 Number of SOR iterationsed in reduced degree of freedq
methods. {0}

RNMAX real 1.0e+11 Maximum running time for problem before the solution is

stopped (cpu minutes).

m

The following is an example afer. In this example, the tolances for the linear and
guadratic convergence regions for the Newton-Raphson method are specified to be

1.e-5 times the initial residual, tolerance for the adaptive-implicit method is 1.e

-5,

machine tolerance is 1.e-9, and over-releafactor is 1.2. The reduced degree of
freedom method is enabled, reordering is not done, SOR iterations are not performed

before calling the solver, two SOR iterat®are used in the reduced degree of

freedom method, and the solution procedure is terminated if not completed within 200

CPU minutes.
iter
l.e-5 l.e-5 l.e-5 1.e-9 1.2
1 0 0 2 200.0

6.2.54 Control statement itfc(optional)

Data to define flow and amsport parameters at intaces between pairs of zones.

Group 1 - ZONE_PAIR(l,1), ZONE_PAIR@), RED_FACTOR(I)- an arbitrary
number of lines of input, terminated by a blank line.

Group 2 - (FILTER_FLAG(J), J= 1,NSPECI)

Group 3 - ZONEC_PAIR(K,1), ZONEC_BRR(K,2), FTN_FACTOR(K)- an
arbitrary number of lines of input, terminated by a blank line.

KEYWORD ‘file’
SFILENAME

ITFCPORSIZE(]), ITFCPROBSIZE(])- aarbitrary number of lines of
input, terminated by a blank line.

Input Variable Format Description

ZONE_PAIR integer Zone number for the zonesvitnich the code identifies the interface
connections when applying the permeability reduction factor.

RED_FACTOR real Reduction factor multiplying the harmonically weighted saturated

permeability for all connectioret the interface identified by
ZONE_PAIR
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Description

Input Variable Format
FILTER_FLAG integer
ZONEC_PAIR integer
FTN_FACTOR real
KEYWORD character*4
SFILENAME character*80
ITFCPORSIZE real

ITFCPROBSIZE real

0

FEHM has a provision to apply transport mechanisms for size exclusion

or filtration at interfaces defined in thi#éc macro. These provisions can

be used to simulate conditions in which, for example, abrupt changes in

properties occur at interfaces, grdnologic conditionsot explicitly

incorporated in a model (a thin clay layer, for example) are thought to

be present that affect transpadross the interface. The means for
specifying these interface transport conditions igtflicemacro. Thus,

this parameter is a flag used tastitiguish whether the size exclusion or

filtration is to be implemented (a & 1) or not (a value 0) for each
species identified in thigac, ptrk , ormptr macros. The default value

is 0. See the definition of FTN_FACTOR below for details on how to

invoke the size exclusion or filtration model.

Zone number for the zonaswbich the code identifies the interface
connections when applying the transport filtration or size exclusion
factors.

Filtration or size exclusioactor applied for all connections at the
interface identified by ONEC_PAIR. For thérac macro, a size
exclusion model is implementedthere FTN_FACTOR = 0 (size
exclusion) or 1 (no exclusion) are options. ptk ormptr, a filtration
model is implemented, where the parameter is the probability of the
particle passing through the interface (if O, filtration is guaranteed; i
there is no filtration). For the particle tracking model, FTN_FACTOR
0 denotes that the pore size distribution is being used. This option is
with the particle size distribution option jrtirk andmptr, so that each
particle is assigned a size. The cumulative pore size distribution is 1
used as a probability distribution function, and when a particle
encounters the interface, a pore size is randomly selected from the
distribution. If the particle is larger than the pore, it is filtered. Note {

used

hen

hat

filtered particles remain at that location in the model and are no longer

transported.

Optional keyword ‘file’ designating that the pore size distribution
information is being input in a separate file. This input is entered on
for interfaces in which FTN_FACTOR < 0 is used.

Optional file name containing the pore size distribution table. This
is entered only for interfaces in which FTN_FACTOR < 0 is used.

Pore size for this entry of fhore size distribution table (paired with a
value of ITFCPROBSIZE). An arbitraryjumber of entries can be input

terminated with a bldaline. These entries are located in the file
SFILENAME if specfied, or in thetfc input file if the alternate input
file is not used. The code decidegifrticles are irreveiisly filtered by
comparing the particle size to the rantdy selected porsize. This input
is entered only for interfaces in which FTN_FACTOR < 0 is used.

ly

nput

Cumulative probability for the distribution of pore sizes (paired with a

value of ITFCPORSIZE). See description of ITFCPORSIZE above 1
details. The final entry of theltle must have ITFCPROBSIZE = 1,

or

since the distribution is assumed to be normalized to unity. This input is

entered only for interfaces in which FTN_FACTOR < 0 is used.
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Note that data for each numbered group niesinput. The other input is optional. If
filtration is not implemented for any speciessingle blank line is input for Groups 2
and 3, signaling the end dfc input.

The following is an example dffc. In this example, the pmeability reduction factor
of 0.1 is applied to all nodeonnections at the interfabetween zones 6 and 10, or 6

and 11.
itfc
6 10 0.1
6 11 0.1

6.2.55 Control statement itup(optional)

Controls upstream direction. The use of thupp macro is sometimes useful in
problems where the flow dictions are changing rapidiThe parameter UPWGT (in
macroctrl) must be greater than 0.5 fihris macro to have any effect.

Group 1 - IAD_UP

Input Variable Format Default Description

IAD_UP integer 1000 Number of iterations after which the upwind directions are
held constant. {A value of 2 is suggested}

In the following example oitup, after 10 iterations the upwind directions are held
constant.

itup
10

6.2.56 Control statement iupk(optional)

No input is associated with this controhtgment. This macro ables upwinding, the
technique of evaluating theon-linear equation coefficients using the direction of
flow relative to the grid block. For example, if flow is moving from grid blpc&i,

the coefficients for block, are evaluated at the “upwind” blogkWhen upwinding is
enabled the full transmissibility term will be upwinded (including the intrinsic
permeability). Otherwise the fluid and relative permeability part of the
transmissibility will be upwinded and the intrinsic permeability will be harmonically
averaged.

6.2.57 Control statement ivfc
Enable exponential fracture and volume model.
6.2.58 Control statement mdnodéoptional)

Enables extra connections to be made to nodes. This is useful for simulating wellbore
connections, faults, and flow across internal boundaries.

Group 1 - NUM_MD, MAX_CON, IELIM, SX_MULT
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Group 2 - NODE, IPAR, NPAR (repeated NUM_MD times)

Input Variable Format Default Description

NUM_MD integer 0 Number of new connections to be entered.

MDMAX integer 0 Maximum number of new connections to a given node. This does
not include old connections. Thus, if a node was already connected
to 5 neighboring nodes and two new connections were added to this
node in this macro statement and this was the maximum number of
connections added in thisatro statement, then MDMAX = 2.

|_ELIM integer 0 IF 1_ELIM S 0, then no action.

IFI_ELIM < 0, then nodal connections are eliminated as needed if
redundant.

SX_MULT real*8 1.0 Multiplier for equilibrium conditions.

NODE integer 0 Node to which new connection is established.

IPAR integer 0 IPAR is not used at present. Its value is ignored. However the
entered number must be an integer.

NPAR integer 0 NPAR is the new connected node. If NPAR = NODE, no new

connection is established.

The following are examples ofidnode. In the first example éft), 3 new connections

are specified, node 10 is connected to node 15, node 100 is connected to node 106,
and node 10 is connected to node 320. A maximum of 2 new connections are allowed
per node. The multiplier for equilibrium conditions is set to 10. In the second example
(right), 4 new connections arspecified, node 1 is connedtto node 16, node 2 is
connected to node 1, node 4 is connected to node 1 and node 10 is connected to node
203. A maximum of 3 new connections are allowed per node. The multiplier for
equilibrium conditions is set to 100.

mdnode mdnode
3 2 0 10 4 3 0 100
10 0 15 1 0 16
100 0 106 2 0 1
10 0 320 4 0 1
10 0 203

6.2.59 Control statement mptr(optional)

Multiple species ingrowth pécle tracking. Note thadlata for each numbered group
must be input. The other input is optional.

Group 1 - NSPECI, MAXLAYERS, MX_PARTICLES, RIPFEHM, MAX1D
Group 2 - POUT, PRNT_RST

or when PRNT_RSTe 20, selected output parameters
Group 2 - POUT, PRNT_RST, PRNT_VARNUM (1...6)
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Optional keyword “tcurve” is input to indicatthat transfer funatn curves should be
input to model matrix diffusion. It is followed by NUMPARAMS and TFILENAME.

KEYWORD
NUMPARAMS, FFMAX
TFILENAME

Optional keyword “zptr” designates zones for breakthrough curves will be defined. It
is followed by IPZONE and IDZONE.

KEYWORD ‘zptr’

IPZONE

IDZONE(I) 1 = 1 to IPZONE
Group 3 - RSEED, RSEED_RELEASE

Optional keyword “wtri” is input to indicate a water table rise calculation should be
performed. It is followed by WATER_TABLE. For GoldSim the water table rise
calculation is controlled by passing a newtaraable elevation to the code during the
simulation and the keyword is not required.

KEYWORD ‘wtri’
WATER_TABLE
Group 4 - DAYCS, DAYCF, DAYHF, DAYHS

An optional, flexible input structure involving the assignment of transport parameters
is implemented in the particle tracking input to allow multiple realization simulations
to use different parameters for each realization. The user invokes this option using the
keyword “file” before Group 5, followed by ¢thname of the file that the transport
parameters reside in. The applicable tramsparameters are defined in Group 5 and
Group 9.

KEYWORD ‘file’
PFILENAME
The structure of the alternate parameter file is:
NINPUTS
PTRPARAM(I) I1=1 to NINPUTS

[a line of parameters is present for each realization]

The method for assigning a given value of the particle tracking parameter
(PTRPARAM) to a specific trasport parameter, defined in Group 5 or Group 9, is
discussed below. There are an arbitramynber of input lines each representing a
given realization of parameter values.dmultiple-realization scenario, the code
enters the input file for each realizat, and for thisnput, reads down the
corresponding number of lines to obtair tharameters for that realization. For
example, for realizatio number 10, the code reads down to the 10th line of data (line
11 in the file) and uses those parameter values.
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Once these parameters are read in for argrealization, they must be assigned to
specific transport parameters. This is done in the following way in Group 5 or Group
9. If any of the inputs other than PIRISFLAG are negative, the code takes the
absolute value of the number and interprets it as the column number from which to
assign the transport parameter. For exangIDIFFMFL = -5, then the diffusion
coefficient is the fifth input number in the PTRPARAM array. In this way, any of the
transport parameter inputs can be assigned through the alternate input file rather than
the input line inmptr. It should be noted that for the colloid diversity model, only
K_REV need be negative to indicate valubswd be read from the parameter file, if
K_REYV is negative then all five parameters are read from the file, otherwise the
equation parameters will be read from thptr macro. This is to accommodate the

fact that the SLOPE_KF nyahave negative values.

Group 5 is used to define models in which identical transport parameters are assumed
to apply. Group 5 data are read untiblank line is encounted. The model number

ITRC is incremented by 1 each time a linggad. Model parameters defined in Group

5 are assigned to nodes or zones using Group6.

Optional keyword “afm” indicates the Active Fracture Model input for determining
fracture spacing should bead Optional keyword “dfree” igput to indicate that a
free water diffusion coefficient and tortuosityll be entered instead of the molecular
diffusion coefficient.

KEYWORD ‘afm’
KEYWORD ‘dfre’

Group 5- TCLX(ITRC), TCLY(ITRC)TCLZ(ITRC), APERTUR(ITRC),
MATRIX_POR(ITRC)

or when ‘afm’ is implemented

Group 5- TCLX(ITRC), TCLY(ITRC)TCLZ(ITRC), APERTUR(ITRC),
MATRIX_POR(ITRC), SRESDUAL(ITRC), GAMMA_AFM(ITRC)

Group 6 - JA, JB, JC, ITRC (JA, JB, JC - defined on page 33)
The following groups (Group 7 - 12&re repeated for each species.

Group 7 - ITH_SPECI, TRAK_TYPE, HALA.IFE, IDAUGHTER, CONFACTOR,
NEWCONFACTOR, CONFTIME, GML, P_FRACTION, ASTEP,
CFRACTION

Optional keyword “size” is input to indicatthat the colloid size distribution model
option is being used. It is followed by PART_SIZE and PROBSIZE.

KEYWORD 'size’

PART_SIZE(l), PROBSIZE(l) - an arbitrary numbers of lines of input,
terminated by a blank line.

Optional keyword “dive” is input to indicate that the colloid diversity model is being
used. It is followed by FLAG_COL_DAUGHTER, optional keyword “file” and the
name of the file containing the CDF table or equation data (a description of the format
for the file is provided with the secomdptr example below), the TPRPFLAG with
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optional SIMNUM, optional CDF equation panaters (when “file” is not used), and
keyword “irreversible” or‘reversible” with FLAG_LOG.

KEYWORD ‘dive’ or KEYWORD ‘dive’
FLAG_COL _DAUGHTER FLAG_COL _DAUGHTER
KEYWORD ffile” TPRPFLAG
CDFFILENAME or
TPRPFLAG TPRPFLAG, SIMNUM
or K_REV, R_MIN,R_MAX, SLOPE_KF, CINT_KF
TPRPFLAG, SIMNUM KEYWORD ‘irreversible’
KEYWORD ‘irreversible’ or
or KEYWORD ‘reversible’, FLAG_LOG

KEYWORD ‘reversible’, FLAG_LOG

Note that optional KEYWORDs “size”ral “dive” are only used when colloid
transport is enabled.

Group 8 - LAYERS

Group 9 - LAYER_I, TRANSFLAGKD, RD_FRAC, DIFFMFL
or for simulations using “dfree”

Group 9 - LAYER_I, TRANSFLAG, KDRD_FRAC, H20O_DIFF, TORT_DIFF
or for simulations with colloid (TRANSFLAG < 0)

Group 9 - LAYER_I, TRANSFLAG, KD, RD_RAC, DIFFMFL, KCOLL, RCOLL,
FCOLL

or for simulations with colloid using “dfree”

Group 9 - LAYER_I, TRANSFLAG, KDRD_FRAC, H20_DIFF, TORT_DIFF,
KCOLL, RCOLL, FCOLL

Group 10 - NS
Group 11- JA, JB, JC, TMPCNSK (JA, JB, JC - defined on page 33)

Note that because the number of source seigrcontrolled by the value entered for
NS, Group 11 input is not terminated with a blank line.

Group 12 - PINMASS, T1SK, T2SK

For transient source terms, G2 is repeated for eachmté interval and terminated
with a blank line. Groups 11 and 12 arpeated for each sourt¢erm (from 1 to NS).

For decay-ingrowth calculationg;hen the particle injectioperiod is too small (for
example, 1.E-4 days) compartdthe half-life of the radionuclides and the half-life is
large (for example 1.E+9 daysumerical errors in #hdecay-ingrowth calculation
may arise due to truncation error. Ta petter accuracy, the user should try to
increase the length of the injection period.

For particle tracking simulations using the transfer function method (see Section 6.2.3
on page 39 for input file format), it is sometimes desirable to identify the parameter
ranges over which the twand three-parameter type cessare accessed, so that an
assessment can be made regarding the density of transfer function curves in a given
part of the parameter space. If the flag outflaiy in the transfer fuction file is set to
“out”, the code writes the real*8 array param_density to the *.out file in the following
format:

For regular parameter spacings, the output is:
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i=1, numpl
j =1, nump2
k = nump3
write(iout.*) param_density(i,j,k)
end do
end do
end do

For two-parameter models, only thand j loops are used. The value of
param_density is the number of times gayticle passes through any node at those
values of the parameters. This allows the user to identify regions in which a greater
density of transfer functions may be readr For the option 'free’ in which there is

no structure to the parameter grid usedtfw transfer functiomurves, nump1 is the
total number of curves, and nump2 and nump3 are equal to 1.

Input Variable Format Description
NSPECI integer Number of species in the simulation.
MAXLAYERS integer Maximum number of property layers in the model. The actual number
of layers used in the model must HMAXLAYERS.
MAX_PARTICLES integer Maximum number @farticles used for individual species.
RIPFEHM integer Flag to indicate if simulation is coupled with GoldSim.
RIPFEHM = 0, FEHM standalone simulation
RIPFEHM = 1, GoldSim-FEHM coupling simulation
MAX1D integer Maximum 1-D array size for holding particle tracking information|for
all simulated species. The value of MAX1D depends on number (of
species, number of time steps, n@nbf radionuclide release bins,
number of species involddan ingrowth, and the length of the decay-
ingrowth chain.
POUT integer Flag to specify tle®ncentration output format:

1 - Concentrations computed as number of particles per unit tptal
volume (rock and fluid)

2 - Concentrations computed as number of particles per unit fluid
volume (the fluid is liquid for TRAK_TYPE = 1 and gas for
TRAK_TYPE = 2).

3 - Concentrations computed as number of particles at a given|node
point.
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Input Variable

Format

Description

PRNT_RST

PRNT_VARNUM

integer

integer

Flag to specify whether particle information is written to the “.fin
".ptrk_fin", or ".ptrk" files:

If PRNT_RST = 0, Particle inforation is not written to the outpulf
files.

If PRNT_RST =1, 11, 21, 31, 4l particle information necessar
for a restart is written to the ".fin" file.

If PRNT_RST =-1, -11, -21, -3141 Only particle positions and
ages are written to the ".fin" file.

If ABS (PRNT_RST) =2, 12, 232, 42 Mass flux values are writtg
to the ".fin" file followed by particle information.

If 10 dABS(PRNT_RST) < 30 Particle exit locations and count
written to the ".ptrk_fin" file.

If ABS(PRNT_RST)t 20 Cumulative particle counts versus time
written to the ".ptrk" file, for variables specified by
PRNT_VARNUM (the default is to output all variables).

If ABS(PRNT_RST)* 40, Cumulative mass output from a FEHN
GoldSim coupled simulation will be written to file
FEHM_GSM_Mass_balance.txt. Note that to track cumulativ
mass an additional array of size maxparticles*nspeci must b
allocated so caution should beedsvhen specifying this option
ensure sufficient system memory is available.

When patrticle tracking data or mdksxes are written to the ".fin"
file, the arrays are written after all of the heat and mass simulatiq
information. The mass fluxes cae read into the code in a
subsequenptrk ormptr simulation and the code can simulate
transport on this steadyast flow field (see macndlo).The particle
information written is sufficient to perform a restart of the particle
tracking simulation and to post-process the data to compile statis
on the particle tracking run. However, for a large number of parti
this file can become quite large, so particle tracking information
should only be written when necessary. Thus, 0 should be used
PRNT_RST unless restarting or ppsbcessing to obtain particle
statistics is required. Selecting th&options allows a subset of the
full set of information needed forastart (particle positions and age
to be written. Restart runs that use this file as input will only be
approximate, since the particleassumed to have just entered its
current cell. For restart runs, RR_RST = 1 is preferred, while
PRNT_RST = -1 is appropriate foutput of particle statistics for
post- processing.

A list of integers specifyg which particle counts should be output.

For each value entered PRNT_VAR(PRNT_VARNUM) is set to ti
If no values are entered the default is to print all variables.

1 — Number of patrticles that have entered the system

2 — Number of particles currently in the system

3 — Number of particles that have left the system

4 — Number of particles that have decayed

5 — Number of particles that have been filtered

6 — Number of particles that left this time interval

are
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Input Variable

Format

Description

KEYWORD

NUMPARAMS

FFMAX

TFILENAME

KEYWORD

IPZONE
IDZONE

RSEED
RSEED_RELEASE

KEYWORD

WATER_TABLE

DAYCS
DAYCF
DAYHF

character

integer

real

character

character*4

integer

integer

integer

integer

character*4

real

real
real

real

Note: The data found in the “.ptrk” file was previously reported in

general output file. From version 2.25 of the code and forward that

data will be reported in the optional, “.ptrk” file unless a coupled

GoldSim-FEHM simulation is being nuIn addition, the user has the

option of selecting which statisigarameters are reported. The
default is to report all statistics parameters.

Optional keyword “tcurve” indicatig transfer function curve data
should be input to model matrixfiision. If the keyword is found
then NUMPARAMS and FILENAME arentered, otherwise they al
omitted.

Number of parameters that defithe transfer function curves being
used.

The maximum fracture flowdction used in the transfer function
curve data. Default value: 0.99.

Name of input file containinthe transfer function curve data.

Optional keyword ‘zptr’ designating zones for breakthrough cur
will be defined. If no keywords input, IPZONE and IDZONE are
also omitted.

Number of zones for which breakthrough curves are to be outp

A list of zones for which particle breakthrough data are required.

code outputs the numbef particles that learthe system at each
zone IDZONE at the current time step. This information is written
the “.out” file at each heand mass transfer time step.

6-digit integer random number seed.

6-digit integer randommier seed for particle release location
calculation. If a value is not em&zl for RSEED _RELEASE it will be
set equal to RSEED.

Note that for GoldSim-FEHM coupled simulations the random se¢
are controlled by GoldSIM and the values input inrtipgr macro are
not used.

Optional keyword ‘wtri” indicatiing a water table rise calculation
should be performed.

Water table elevation to bheed for water table rise calculation.

Note that for GoldSim-FEHM coupled simulations the water table
calculations are controlled by G&tM and the values input in the
mptr macro are not used and may be omitted.

Time which the particle tracking solution is enabled (days).
Time which the particle tracking solution is disabled (days).

Time which the flow solution is disabled (days).

the
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Input Variable Format Description

DAYHS real Time which the flow solution is enabled (days).

KEYWORD character*4  Optional keyword ‘file’ degiating alternate transport parameter file
input for multiple simulation realizations.

PFILENAME character*80 Name of file fronvhich to read transport parameters.

KEYWORD character*4  Optional keyword ‘afm’ designating the Active Fracture Model input
for determining fracture spacing should be used.

KEYWORD character*5  Optional keyword ‘dfredesignates that the free water diffusion
coefficient and tortuosity will be input instead of the molecular
diffusion coefficient.

TCLX real Dispersivity in the x-directiofm). The input value is ignored when
dispersion is turned off.

TCLY real Dispersivity in the y-directiofm). The input value is ignored when
dispersion is turned off.

TCLZ real Dispersivity in the z-direction (m). The input value is ignored when
dispersion is turned off.

APERTUR real Mean fracture aperture (e input value is ignored when matrix
diffusion is turned off.

MATRIX_POR real Porosity of theock matrix. Used to simulate diffusion and sorption in
the rock matrix when matrix diffusion is invoked, otherwise the input
value of MATRIX_POR is ignored.

SRESIDUAL real Residual saturation in the Active Fracture Model used for determining
the spacing between active fractur€kis parameter is only needed
when the keyword ‘afm’ is included, in which case the input must be
entered. However, the model is only used in dual permeability
simulations at locations where the finite spacing matrix diffusion
model is invoked.

GAMMA_AFM real Exponent in the Active Rcture Model used for determining the
spacing between active fractur&ze commentior SRESIDUAL
above.

ITRC integer Model number for parameters defined in group 5.

ITH_SPECI integer Number index of the ith species.

TRAK_TYPE integer Flag to denote the fluid phase of the particles:

1 - liquid phase particles
2 - vapor phase particles

HALF_LIFE real Half-life for irreversible fist order decay reaction(s) (days). Set
HALF_LIFE = 0 for no decay.

IDAUGHTER integer Index of the daghter species (i.e., thedex number of the species 1o

which the current species decays)
If IDAUGHTER = 0, there isno decay and no ingrowth,
If IDAUGHTER = -1, there iglecay but no ingrowth.
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Input Variable

Format

Description

CONFACTOR

NEWCONFACTOR

CONFTIME

GMOL

real

real

real

real

Initial conversion factfor GoldSim-FEHM coupling and FEHM
standalone simulations (# of particles/mole).

For FEHM stand alone simulations:
If CONFACTOR =0, no conversion is necessary. The input valde of
PINMASS is the number of particles.

For GoldSim-FEHM coupling:
If CONFACTOR =0, at each timeegi, the code setts a conversion
factor based on the avail@ainemory and the remaining
simulation time (end time - current time). The code then uses the
selected conversion factor to callate the number of particles tp

be injected at the current time step.

For both stand alone and @8im-FEHM coupling cases:
If CONFACTOR > 0, the code assumes the input mass is in moles
and uses the product of the CONFACTOR and the input mass to
calculate the input number of palés at each time step. When
CONFACTOR >0, FEHM may use aimpdated conversion factg
from previous time step(s) asetimput for the current time step
instead of using the original input CONFACTOR for improved
results.

=

If CONFACTOR < 0, the code uses the product of the absolute value
of CONFACTOR and the input ma@a moles) to calculate the
input number of particles at each time step. A CONFACTOR
updated from a previous time step will not be used.

Replace the initial valoECONFACTOR with that specified by
NEWCONFACTOR.

If NEWCONFACTOR = 0, use @omatic conversion factors.

If NEWCONFACTOR > 0, themse the product of the
CONFACTOR and the input mass (in moles) to calculate the input
number of particles at each time step starting from CONFTIME.
In this case, FEHM may use apdated conversiofactor from
previous time step(s) as a modification to CONFACTOR.

If NEWCONFACTOR < 0, then HEM uses the product of the
absolute value of NEWCONFACTOR and the input mass (in
moles) to calculate the input nunmlod particles at each time step
(CONFACTOR = -NEWCONFACTOR).

The time at which to chantgie CONFACTOR value to that specified
by NEWCONFACTOR.

The molecular wght of the ith species. Ehcode uses GMOL and
CONFACTOR to convert the mass from number of particles to grams
in the final output for GoldSim-FEHM coupling.




Page: 101 FEHM V3.1.0 Users Manual

Input Variable Format Description

P_FRACTION real The decay-ingrowth particle edse factor (percentage of the
maximum number of particles releaksfor the curretnspecies). For
decay-ingrowth simulations, P_RRTION is used to reduce the
number of particles released pgrent or daughter species, thus,
avoiding memory overflow in the daughter species due to parent
decay-ingrowth where multiple parts decay to the same daughter
species. The normal range of P_FRACTION is from 0 to 1. The
default value is 0.25. A user showddlect an appropriate value basgd
on the mass input of parent and daughter species, half-lives,
importance of each species to trensport results, and simulation
time period.

ASTEP integer Maximum length of array used to hold particle tracking informatjon
for the ith species. Its value depends on number of time steps, nimber
of release bins, and number of parent species. The sum of ASTEP for
all species should be equal to or smaller than MAX1D.

CFRACTION real The fraction of the usertdemined maximum number of particles
(MAX_PARTICLES) to be assigned by mass, (1 — cfraction) will then
be the fraction of particles assigned by time step.

KEYWORD character*4  Optional keyword ‘size’ signating that the colloid size distribution
model option is being used (combd with the interface filtration
option in theitfc macro). If the keyword is not input, PART_SIZE and
PROBSIZE are also omitted. Colloid size is only sampled once for
each realization.

PART_SIZE real Colloid particle size for thistenof the particle size distribution table
(paired with a value of PROBSIZE)n arbitrary nunber of entries
can be input, terminated withbéank line. The code assigns each
particle a size based on this distribution of particle sizes, and decides
if particles are irreversibly filteredased on the pore size distribution
assigned in thafc macro.

PROBSIZE real Colloid cumulative probabilifgr the distribution of sizes (paired
with a value of PART_SIZE). See description of PART_SIZE aboye
for details. The final entry of the table must have PROBSIZE = 1,
since the distribution is assumed to be normalized to unity.

KEYWORD character*4  Optional keyword “dive” sigying that the specie being specified |s
either a colloid species using the colloid diversity model or a non
colloid daughter species of a colloid species.

FLAG_COL_DAUGHTER integer When FLAG_COL_DAUGHER = 1 signals that the species being
specified is a non-colloid speciestltan result as a daughter product
of a colloid parent species. If the species is not a daughter product or
the daughter product is a colloid, FLAG_COL_DAUGHTER = 0.

KEYWORD character*4  Optional keyword ‘filalesignating the cumulative probability
distribution function (CDF)etardation parameters for the colloid
diversity model should be read from an external file.
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Input Variable Format Description

CDF_FILENAME character*80 Name of the file comtaig the cumulative probability distribution
function (CDF) (entered if optional keyword “file’ follows keyword
‘dive’). See below for file formats
If TPRPFLAG = 11 or 12, Table option
If TPRPFLAG = 13 or 14, Equation option

The following equations are used fRf,;, Rd R ¢

R=1+K; &, , l0g;q CDF =b+mog, K

TPRP_FLAG integer Values of TPRPFLAG betsn 11 and 14 signify that the colloid
diversity model with equal weight sampling will be used:

TPRPFLAG = 11: CDF vs retardati factor specified in a table

TPRPFLAG = 12: similar to 11, but the SQRT(CDF) is used instead
of CDF for sampling
TPRPFLAG = 13: CDF v&;  (Attachment rate constant) specified

as a straight line equation in the log-log space
TPRPFLAG = 14: similar to 13, but the SQRT(CDF) is used instead
of CDF for sampling

SIMNUM integer Simulation number, used for selecting the table/equation from the
colloid diversity file. For GoldSim-FEHM coupled simulations or
FEHM runs using the ‘msim’ optiothis parameter is passed to the
code. For non-coupled simulations it is an optional input. (Defau

—

value = 1)

K_REV real Detachment rate constant feversible filtration of irreversible
colloids.

R_MIN real Minimum value of the retardation factor for reversible filtration of

irreversible colloids.

R_MAX real Maximum value of the retardation factor for reversible filtration of
irreversible colloids

SLOPE_KF real Value of the slopm) in the log-log space for the equation:
log,; CDF =b+m “Ioglo K

CINT_KF real Value of the intercepb) in the log-log space for the above equation

KEYWORD character Keyword specifying whetheettolloid species is ‘irreversible’ or
‘reversible’.

FLAG_LOG integer For reversible colloids anerage retardation factor is used:

If FLAG_LOG = 0: a linear averagof the distribution is used
If FLAG_LOG = 1: a log-linear aarage of the distribution is used

LAYERS integer Number of layers in whichethransport properties of the ith specigs
are to be modified. If no properiy altered, then set layers=0.

LAYER_I integer The index number of the ith layer defined in group 5
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Input Variable

Format

Description

TRANSFLAG

KD

RD_FRAC

DIFFMFL

H20_DIFF

TORT_DIFF

integer

real

real

real

real

real

Flag to specifivhich transport mechanisms apply
[abs(TRANSFLAG)]:
1 - advection only (no dispersion or matrix diffusion)

2 - advection and dispersion (no matrix diffusion)

3 - advection and matrix diffusion, infinite fracture spacing solut
(no dispersion)

4 - advection, dispersion, and matrix diffusion, infinite fracture
spacing solution

5 - advection and matrix diffusion, finite fracture spacing solutig
(no dispersion)

ion

6 - advection, dispersion, and matrix diffusion, finite fracture spacing

solution

8 - use the the transfer function approach with 3 dimensionless
parameters and type curves for handling fracture-matrix
interactions.

For TRANSFLAG < 0, transport simulations include colloids.

For equivalent continuum solutions, the fracture spacing in the fipite

spacing model is determined using
SPACING= APERTURE POROSI

For dual permeability models, the fracture spacing input parame
APUV1 in thedpdp macro is used asdthalf-spacing between
fractures. If the Active Fracture Mel (see keyword ‘afm’) is used,
APUV1 is the geometric fractutelf-spacing, and the additional
terms SRESIDUAL and GAMMA_AFMire used to determine the
spacing between active fractures (see below).

Sorption coefficient (linear, rergble, equilibrium sorption). Units

are kg-fluid / kg-rock (these units are equivalent to the conventio
units of cc/g when the carrier fluid water at standard conditions).
This value applies to the medium as a whole when matrix diffusig
turned off, whereas for simulations invoking matrix diffusion, the
value applies to the rock matrix. For the latter case, sorption in t
flowing system (fractures) is modeled using the RD_FRAC varia

Retardation factor within themary porosity (fractures) for a matri
diffusion particle tracking simulation (use 1 for no sorption on
fracture faces). The input valueigmored unless matrix diffusion is
invoked.

Molecular diffusion coefficient in the rock matrix ffs). The input
value is ignored unless matrix diffusion is invoked.

Free water diffusion coefficiemhe molecular diffusion coefficient i
calculated a$120_DIFF uTORT _DIFF.

Tortuosity

er

nal

N IS

e
ble.

X
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Input Variable Format Description

KCOLL real Colloid distribution parameter, the ratio of contaminant mass res|ding
on colloids to the mass present in aqueous form. It is used to compute
an effective apertureia the following:

APWID = APERTURE 1+KCOLL

RCOLL real Colloid retardation factor. Used, in conjunction with kcoll, to adjust
colloid retardation in fractures using the following formula:

RD_FRAC+ KCOLL"RCOLL
1+KCOLL

FRACRD=

FCOLL real Colloid filtration parameter. Used to compute the probability a colloid
will be irreversibly filtered along the path between two nodes using
the following: PROBFILT = 1—exp DISTANCEeFCOLL where
DISTANCE is the length of the path between nodes.

NS Number of spatial soce terms for the ith species

TMPCNSK real Particle injection parameter assigned for nodes defined by JA, JB, and
JC. Two optionsre available:

TMPCNSK > 0. - particles are injexd at each node proportion to
the source mass flow rate at the node. This boundary condition is
equivalent to injecting a solute of a given concentration into the
system. Note: the source flow ratgsed to assign the number gnd
timing of particle injections are those at the beginning of the
particle tracking simulation (time DAYCS). Transient changes in
this source flow rate during the particle tracking simulation do|not
change the number of particles input to the system.

TMPCNSK < 0. - particles are introduced at the node(s), regardless
of whether there is a fluid source at the node.
Default is 0. for all unassigned nodes, meaning that no particles are
injected at that node.

PINMASS real Input mass. If CONFACTOR = 0, PINMASS is the number of
particles to be injected at locations defined by TMPCNSK. If
CONFACTOR > 0, PINMASS is the input mass expressed in moles.
The code uses CONFACTOR to convert PINMASS into number pf

particles.
T1SK real Time (days) when particle injection begins. Default is 0.
T2SK real Time (days) when particle injection ends. Default is 0.

Notes on RestartingAs with all restart runs for FEHM, a “.ini” file is specified to be
read to set the initial conditions upon m@sing. However, there are two possibilities

for restart calculations with particle trackinggtr or ptrk ): 1) the heat and mass
transfer solution is being restarted, but the particle tracking simulation is initiated
during the restart run (it was not carried out in the simulation that generated the “.ini”
file); or 2) the heat and mass transfer solution and the particle tracking simulation are
both being restarted. If the code does not find the “ptrk” key word at the top of the
“.ini” file, then the original run did nbemploy particle tracking, and Case 1 is
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assumed. A common example is a prelimynaalculation that establishes a fluid flow
steady state, followed by a restart simulation of transport.

If “ptrk” was written into the “.ini” file in the original run, the particle data in the

“.ini” file are read and usetb initialize the particle tracking simulation (Case 2). In

this instance, the number of particles (NPART) must be set the same for the restart run
as in the original run or the results wilé unpredictable.When restarting a particle
tracking simulation, certain input data are overwritten by information in the “.ini” file.
These parameters include RSEED, RSEED_RELEASE, PCNSK, T1SK, and T2SK.
Other input parameters can be set to different values in the restart run than they were
in the original run, but ofourse care must be taken to avoid physically unrealistic
assumptions, such as an abrupt change in transport properties (Group 4 input) part
way through a simulation.

A final note on restart calculations is inder. A common technique in FEHM restart
calculations is to reset the starting time at the top of the “.ini” file to O or itirie

macro so that the starting time of the restart simulation is arbitrarily 0, rather than the
ending time of the original simulation. This is useful for the example of the steady
state flow calculation, followed by a restart solute transport calculation. Although this
technique is acceptable for piaté tracking runs that anaitiated only upon restart

(Case 1), it is invalid when a particle tracking run is being resumed (Case 2). The
reason is that all particle times read frorme thini” file are based on the starting time

of the original simulation during which the particle tracking simulation was initiated.

The following is an example afiptr. A multiple-species decay-chain

( B 30 )issimulated, with decay halifres of the speciesqualing 10,000,

3,000, 10,000, and 4,000 years, respecyivhl this simulation a maximum of 3
property layers are specified although only 1 layer is used, the maximum number of
particles is specified to be 1100100, and FEHM is run in stand-alone mode.
Concentrations will be computed as numbéparticles per unit fluid volume and no
output will be written to the “.fin” file. Use of the ‘zptr’ keyword indicates that a
single zone will be defined for breakthrough curve output which will be written to the
“.out” file. The random number seed isfiuheed to be 244562. The particle tracking
solution is enabled at 0.1 days, and disabled at 3.65e8 days, while the flow solution is
disabled at 38 days and re-enabled at 3B6admys. Dispersivity in the X-, Y-, and Z-
directions are defined to be 0.005 m, thean fracture aperture is 0.0001 m, and the
matrix porosity is 0.3. Parties for species 1 are injectedatonstant rate from 0 to
5,000 years, and species 2, 3, and 4fammed through the ecay reactions, with no
input at the inlet. Advection and dispersion (without matrix diffusion) is being
modeled. The retardation facsofor the four species are 1, 1.9, and 1, respectively
(i.e. only species 3 sorbs).

mptr
4
2

zptr
1
1
244562
0.1
0.005

3 1100100 0 Group 1
0 Group 2

Group 3
3.65e8 38 3.65e8 Group 4
0.005 0.005 1l.e4 0.3 Group 5
0 0 1 Group 6
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1 1 3.652485E6 2 -1 0.5 Group 7
1 Group 8
1 2 0. 1. le-14 Group 9
1 Group 10
1 202 201 -1 Group 11
10000. O. 365.25E2 Group 12
10000. 365.25E2 730.5E2 Group 12
10000. 730.5E2 1.09575E5 Group 12
10000. 1.09575E5 1.461E5 Group 12

X X

X X

X X
10000. 1.7532E6 1.789725E6 Group 12
10000. 1.789725E6 1.82625E6 Group 12
2 1 1.095745E6 3 -1 0.5 Group 7
1 Group 8
1 2 0. 1. le-14 Group 9
1 Group 10
1 202 201 -1 Group 11
0 0. 1.825E6 Group 12
3 1 3.652485E6 4 -1 0.5 Group 7
1 Group 8
1 2 0.108 1. le-14 Group 9
1 Group 10
1 202 201 -1 Group 11
0 0. 1.825E6 Group 12
4 1 1.460972E6 -1 -1 0.5 Group 7
1 Group 8
1 2 0. 1. le-14 Group 9
1 Group 10
1 202 201 -1 Group 11
0 0. 1.825E6 Group 12

In the second example, trsfier function data is usealong with theactive fracture
and colloid diversity models. The the cumulative probability distribution function

(CDF) retardation parameters for the colloid diversity model are entered in an external

file using the table format. The formatrfthe new input files associated with the
colloid diversity model are:

For ptrk/sptr/mptr simulations with TPRP_FLAG =11 or 12:

« Header line indicating the species number (always 1 for ptrk/sptr simulations)

* Multiple tables, each witlthe following format:
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One line specifying th realization number
Multiple lines with two columns of data (real) representing rcdiv and probdiv.
Note that probdiv should start at 0 and end with 1.
A blank line is used to specify the end of the distribution table.
* A blank line is used to specify the end of the file
For mptr, a distribubn will need to be entered feach colloid species. Therefore, the
header line and tables aregeated for each colloid species.
For ptrk/mptr simulations with TPRP_FLAG = 13 or 14:
« Header line containing comments
» Multiple lines, each lie containing realizeon number, b, m, K Ryin Rmax
« A blank line is used to specify the end of the file
For sptr simulations with TPRP_FLAG = 13 or 14:
* Header line containing comments
 Multiple lines, each he containing realizeon number, b, m, kK Ryins Rmax Q.
By, By, DM, VRATIO
A blank line is used to specify the end of the file
Particle statistics data for the cumulativewher of particles that have left the sytem
and the number of particles that lefitring the current timestep are output.
mptr
3 100 500000 0 Group 1
03036 Group 2
tcurve
3
./colloid_cell/input/uz_tfcurves_nn_3960.in
244562 Group 3
0. 1.e20 O. 1.e20 Group 4
afm
1.e-03 1l.e-03 1.e-03 1.e-03 0.2 0.01 0.6 //layer 1 tcwml zone 1| Group 5

1.e-03 1.e-03 1.e-03 0.00e+00 0.2 0.00 0.0//layer 2 tcwm2 zone 2 Group 5

1 10 1 1 Group 6
11 20 1 2 Group 6
1 1 0 -1 1 0 1.00E35243 1.0 specil Group 7
diversity

0

file

../colloid_cell/input/rcoll_data.dat

111

irreversible

2 Group 8
1 -2 0.0 1.0e+00 1.00e-30 le+t20 1 1.00 #1tcwM1 Group 9
2 -2 0.0 1.0e+00 1.00e-30 le+t20 1 1.00 #2tcwM2 Group 9
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1 Group 10
1 1 1 -1. Group 11
100000 O. 0.01 Group 12
3 1 0 -1 1 0 1.00E%5243 1.0 speci3 Group 7
diversity

0

file

../colloid_cell/input/rcoll_data.dat

113

irreversible

2 Group 8
1 -2 0.0 1.0e+00 1.00e-30 let20 1 1.00 #1tcwM1 Group 9
2 -2 0.0 1.0e+00 1.00e-30 let20 1 1.00 #2tcwM2 Group 9
1 Group 10
1 1 1 -1. Group 11
0 0. 0.01 Group 12

With the file rcoll_data.dat as:

Test file for 1D importance sampling
1 0.0 0.0 0.0
1.0 0.0

2.0 0.125
3.0 025

40 0.375
50 0.5

6.0 0.625
7.0 0.75

8.0 0.875
9.0 1.0

3 0.0 0.0 0.0
1.0 0.0

2.0 0.125
9.0 1.0
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6.2.60 Control statement nfinv(optional; not recommended)

No input is associated witlhis macro. When invoked, the code will generate finite
element coefficients instead fifhite volume coefficients for flow terms. Note that in
previous versions of FEHM the default was to perform finite element calculations.

6.2.61 Control statement ngagoptional)

Noncondensible gas transport.

Group 1 -

ICO2D

Group 2 - JA, JB, JC, PCO2 (JA, JB, JC - defined on page 33)
Group 3 - JA, JB, JC, CPNK (JA, JB, JC - defined on page 33)
Group 4 - JA, JB, JC, QCD (JA, JB, JC - defined on page 33)

Note that all Group 2 values are enteradtfifollowed by Group 3 values, followed

by Group 4 values.

Input Variable

Format

Default

Description

ICO2D

PCO2

CPNK

QCD

integer

real

real

real

3

0.

Solution descriptor for noncondensible gas transport.

ICO2D =1, the 3 degree of freed@olution will be reduced to g
1 degree of freedom problem. (See matag the parameter
ICOUPL is also set to 5 if ICO2D =1.)

ICO2D = 2, the 3 degree of freedmolution will be reduced to g
2 degree of freedom problem. (See matan the parameter
ICOUPL is also set to 5 if ICO2D = 2.)

ICO2D = 3, full 3 degree of freedom.

Initial partial pressure of noncondensible gas. If PCO2 < 0 the
ABS (PCO2) is interpreted as artperature and the partial pressu
of the noncondensible gas is cdédad according to the formula:

PCO2 = Py —PgaT) whereP is the total pressure and

PSA'I(T) is the water saturation pressure and is a function of

temperature only.

If CPNKdO, then ABS (CPNK) is the specified noncondensible
pressure and will be held at that value.
If CPNK > 0, then CPNK is the spified relative humidity and the

saturation,$ , is calculated using the vapor pressure lowering
formula and the capillgirpressure formula:

Pcap $ = In h |RT wherePcap is the capillary
function, h is the humidity,R is the gas constat, is the
temperature, and.,J is the ligudensity. Once the formula is

soIved,S1 is held constant. The humidity condition is only enah

for the van Genuchten capiliafunction model. See macrtp .

Specified air source strength (kg/sec).

re

ed
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The following is an example afgas In this example, a fu3 degrees of freedom
solution is specified. The initial temperature at nodes 1 to 800 i 20d the code is
asked to calculate the initial noncondensible gas pressure. There is no specified
noncondensible gas source.

ngas
3
1 800 1 -20
1 800 1 0.
1 800 1 0.

6.2.62 Control statement nobr(optional)

Do not break connection between nodes with boundary conditions. No input is
associated with this macro.

6.2.63 Control statement nod€optional)

Specify the node numbers for which detailed output is desired. In version 2.30 macro
node has been modified to allow multiple imstces of the macro to be used (results

are cumulative) and to allow the definitio “output zones” which are used in
conjunction with macrdist. Only a single input format / keyword can be used for
each instance of the node macro.

Groupl- M
Group 2 - MN (1), MN (2), . .., MN (M)
Group 3- X,Y, Z (as needed)
or
Group 1- KEYWORD
Group 2 - JA, JB, JC (JA, JB, JC - defined on page 33)

Input Variable Format Description

M integer Number of nodes for which information will be printed on the output (iout)
and history plot (ishigstrc) files. If M dO, pressure and temperature will be
written on the output file for all nodémit no nodal parameter values will be
printed in the history ploiiles. Group 2 is omitted if MdO.

MN integer M node numbers for which information will be printed on the output file
(iout). If MN(I) < O, then coordinates are used to define the print-out node,
and the coordinate sets (X, Y, Z) feich MN(I) < 0 are atkd after Group 2.

X real Coordinates of node for which infoation will be printed. One line for each
MN < 0. The code finds the node closest to the coordinate given. For 2-D

Y real problems set Z = 0. No input if MN >0.

real
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Input Variable

Format

Description

KEYWORD

character*5

Keyword ‘block’ to invoke node specification by JA, JB, JC format.

Keyword ‘azone’ to invoke output zone specification by JA, JB, JC format.
This keyword allows a single node to be included in multiple output zones.

The following are examples ofode. In the first examplétop left), 2 nodes are

specified for output, nodes 50 and 88. Ia #econd example (top right), two nodes are
specified for output, the node numbered 50 and the node closest to the coordinates X =
100. m, Y =1000. m and Z = 0. m. In the third example (bottom left), output is
specified for the block of nodes 1, 11, 21, 31, 41, 51, 61, 71, 81, 91 and for those
nodes defined by zone 3 (see mazome). In the fourth eample (bottom right),

output is specified for two zones, the first zone contains nodes 1, 11, 21, 31, 41, 51,
61, 71, 81, 91 and the second zonenede up of the nodes defined for zone 3
(previously specified usg the zone macro).

node node
2 2
50 88 50 -88
100. 1000. 0.

node node
block azone

1 100 10 1 100 10

-3 0 0 -3 0 0

6.2.64 Control statement nodZoptional)

Specify the node numbers for which detailed file output is desired and alternate nodes
for terminal output.

Group 1- M, M2
Group 2 - MN (1), MN (2), ..., MN (M)
Group 3- X, Y, Z (as needed)
Group 4 - MNI(1), MNI(2), .. ., MNI(M2)
Group 5- X, Y, Z (as needed)
Input Variable Format Description
M integer Number of nodes for which information will be printed on the output file
(iout). If M dO, pressure and teregature will be written on the output file for
all nodes but no nodal parameter values bglprinted in the history plot files,
Group 2 is omitted if MdO.
M2 integer Number of nodes for short list (terminal printout). If €M@, Group 4 is

omitted.
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Input Variable Format Description

MN integer M node numbers for which information will be printed on the output file
(iout). If a MN(I) < 0, then coordinatese used to define that print-out nod
and the coordinate sets (X, Y, Z) feach MN(I) < 0 are atkd after Group 2.

D

MNI integer M2 node numbers for which information will be printed on the terminal (short
list). This group exists only if MZO0. If MNI(I) < O, then coordinates are used
to define the terminal output nodes, dhe coordinate sets (X, Y, Z) for each
MNI(I) < O are added after Group 4.

real Coordinates of node for which infoation will be printed. One line for each
MN or MNI < 0. The code finds the node closest to the coordinate given, For
Y real 2-D problems set Z = 0. No input if no MN or MNI < 0.
real

The following are examples @fod2. In the first example (left), detailed output to the
output file is specified for two nodes, the nodes numbered 50 and 88, and one node is
specified for terminal output, node 50.thee second example (right), two nodes are
specified for detailed output, the nodes numbered 50 and 88, and one node is specified
for terminal output, the node closest to the coordinates X = 100. m, Y = 1000. m and Z

=0.m.
nod2 nod2
2 1 2 1
50 88 50 88
50 -88
100. 1000. 0.

6.2.65 Control statement nod3optional)

Specify the node numbers for which detailed file output is desired and alternate nodes
for terminal output.

Group 1- M, M2, M3

Group 2 - MN (1), MN (2), . .., MN (M)
Group 3- X, Y, Z (as needed)

Group 4 - MNI(1), MNI(2), . . ., MNI(M2)
Group 5- X, Y, Z (as needed)

Group 6 - MNI(1), MNI(2), . . ., MNI(M3)

Group 7 - X, Y, Z (as needed)

Input Variable Format Description

M integer Number of nodes for which information will be printed on the output file
(iout). If M dO, pressure and teregature will be written on the output file fo
all nodes but no nodal parameter values bélprinted in the history plot files,
Group 2 is omitted if MdO.

=
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Input Variable Format Description
M2 integer Number of nodes for short list (terminal printout). If €M@, Group 4 is
omitted.
M3 Number of nodes for short list (variable porosity model information printout).
If M3 dO, Group 6 is omitted.
MN integer M node numbers for which information will be printed on the output file
(iout). If a MN(I) < 0, then coordinatese used to define that print-out node,
and the coordinate sets (X, Y, Z) fich MN(I) < 0 are atkd after Group 2.
MNI integer M2 node numbers for which information will be printed on the terminal (short
list). This group exists only if MZO0. If MNI(I) < 0, then coordinates are used
to define the terminal output nodes, dhd coordinate sets (X, Y, Z) for each
MNI(I) < O are added after Group 4.
X real Coordinates of node for which infoation will be printed. One line for each
MN or MNI < 0. The code finds the node closest to the coordinate given| For
real 2-D problems set Z = 0. No input if no MN or MNI < 0.
real

The following are examples afod3. In the first example (left), detailed output to the
output file is specified for two nodes, the nodes numbered 50 and 88, and one node is
specified for terminal output, node 50.thee second example (right), two nodes are
specified for detailed output, the nodes numbered 50 and 88, and one node is specified
for terminal output, the node closest to the coordinates X =100. m, Y =1000. m and Z

=0.m.
nod2 nod2
2 1 2 1
50 88 50 88
50 -88
100. 1000. 0.

6.2.66 Control statement nrstoptional)

Stop NR iterations on variable changes (not equation tolerance).
Group1l VARD, STOPC

Input Variable Format Description
VARD character Variable to check.
STOPC real Value to check on variable change.

6.2.67 Control statement perm(required if macrdiyconot used)

Assign permeabilities of the rock. Permeabilities represent average values of a volume
associated with a node. Note that usilgmodels 4 or 6 to describe relative
permeabilities causes these values to bewnten. Permeabiltiemay be entered as

log values.
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Group 1- JA, JB, JC, PNXD, PNYD, PNzZD (JA, JB, JC - defined on page 33)

Input Variable Format Default Description

PNXD real 1.e-30 Permeabilify the x-direction (rf).
PNYD real 1.e-30 Permeabiliy the y-direction (r%).
PNzD real 1.e-30 Permeabiliinp the z-direction (rﬁ.

The following is an example of thEerm macro. In this example, nodes 1 through 140
are specified to have permeabilities in theYX,and Z directions of 2.5e-14, 2.5e-14,
and 0. M respectively.

perm
1 140 1 2.50e-14 2.50e-14 0.00e-00

6.2.68 Control statement pesfoptional)
Output variable information for PEST parameter estimation routine.
Group 1- MPEST
Group 2 - NPEST(I), | = 1, MPEST
Group 3- X, Y, Z (as needed)

Input Variable Format Description

MPEST integer Number of nodes for PEST output. At present the code outputs only pressures
(heads), saturations, and temperatures.

NPEST(I) integer Node numbers printed to the output fdbrtin.pestwith values of variables
listed above. If NPEST(]) < 0 then thede numbers are @emined from the

coordinates.

X, Y, Z real Coordinates in grid if NPEST(l) < 0. The coordinates are used to find the|node
closest in distance to that point andtthode is substituted for NPEST(l).

The following is an example gfest In this example pest tput is specified at 5
nodes, nodes numbered 21, 23, 35, and 47, and the node closest to the coordinates

X=10. m, Y=15. m, Z=20. m.

pest
21 23 35 47 -50
10. 15. 20.

6.2.69 Control statement ppor(optional)

Group 1- IPOROS

Group 2 - JA, JB, JC, POR1, POR2, POR3, POR4 (number of parameters entered
depends on model type) (JA, JB, JC - defined on page 33)
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Input Variable Format Description
IPOROS integer Model type:

Model (1): IPOROS = 1,

POR1 real

POR1 real

POR1 real
POR2 real

Model (-1). IPOROS = -1,

Model (-2): IPOROS = -2,

IPOROS = 1, aquifer compressibility model
IPOROS = -1, specific storage model (use only for isothermal condition
IPOROS = -2, Gangi model (not available for air-water-heat conditions

Aquifer compressibility =1 j+ D, P—-P,
where
D, = aquifer compressibility (MP9)

|, = initial porosity

P, = initial pressure (MPa)
Aquifer compressibilittC ~ (MP3
Specific storadg, = Y D+ | E

where
L= liquid density (kg/m)
g = gravity

D, = aquifer compressibility (MP3)

| = porosity

E= liquid compressibility (MP3)
Specific storad®,

Gangi model with calculation of initial permeability and porosity.

P
= 0[1— %m} andP, = V-P— [E T-T,

X
where

|, = initial porosity
M = Gangi exponent
P, = fitted parameter (MPa)

V = in-situ stress (MPa)

L = coefficient of thermal expansion )
E = Young's modulus (MPa)

T =temperatures@)

T, = initial temperature €)

I
Note: for the Gangi model the permeability is variedkoy= K, |_(§@
0

Exponen in Gangi bed of nails model.

PX parameter (MPa) in Gangi equation.
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Input Variable Format Description
POR3 real V in-situ stress (MPa).
POR4 real CE The product of the coefficient tfiermal expansion for the rock and

the Young's modulus (MPé2).
Note: For isothermal simulations the thermal term does not apply.

In the following example gppor, aquifer compressibility is modeled. All nodes in the
model are assigned a compressibility of 1.e-2 MPa

ppor
1
1 0 0 le-2

6.2.70 Control statement pregrequired if macronit not used)
Group 1- JA, JB, JC, PHRD, TIND, IEOSD (JA, JB, JC - defined on page 33)

The initial values defined in control stateme@nés supersede all others. Note that the
term “saturated” refered to in IEOSD, ngt the groundwater hydrology definition
(volumetric fraction of pore void that is fdd with water) used elsewhere in this
document. Saturated here indicates thgtoraand liquid phases exist simultaneously.
The superheated region means that all pore space is filled with gas.

Input Variable Format Default Description
PHRD real PEIN Initial pressure (MPa).
TIND real Initial temperature ) if IEOSD =1 or 3,

Initial saturation if IEOSD =2

IEOSD integer 1 Thermodynamic region parameter.
IEOSD = 1, the compressed liquid region
IEOSD = 2, the saturation region
IEOSD = 3, the superheated region.
If IEOSD < 0 then the code uses ABS (IEOSD) and fixes the
values of PHRD and TIND to the values provided above.

The following is an example gires. In this example, zones mbered 1, 2, 3, 4, 5 and
6, and nodes 1 through 800 have an initial pressure of 0.1 MPa and are located in the
saturation region. The initial water saturatiom fones 1, 2, and 4 is 0.1, for zone 3 is
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0.003, for zones 5 and 6 is 0.11, and fodes 1 through 800 is 0.5. In addition, for
zone 6 the pressure and saturationtealel constant throughout the run.

pres
-1 0 1 0.1 0.1 2
-2 0 1 0.1 0.1 2
-3 0 1 0.1 0.003 2
-4 0 1 0.1 0.1 2
-5 0 1 0.1 0.11 2
-6 0 1 0.1 0.11 -2
1 800 1 0.1 0.5 2

6.2.71 Control statement ptrk(optional, cannot be used witttac)

Particle tracking simulation input. Noteahdata for each numbed group must be
input. The other input is optional.

Group 1 - NPART, RSEED

Optional keyword “wtri” is input to indicate a water table rise calculation should be
performed. It is followed by WATER_TABLE. For GoldSim the water table rise
calculation is controlled by passing a newtaraable elevation to the code during the
simulation and the keyword is not required.

KEYWORD ‘wtri’
WATER_TABLE

KEYWORD ‘rip’
Group 2 - DAYCS, DAYCF, DAYHF, DAYHS
or if the optional keyword ‘rip’ follows Group 1

Group 2 - DAYCS, DAYCF, DAYHF, DAYHS, RIPFEHM, CONFREAD, GMOL,
P_FRACTION

Group 3- TRAK_TYPE, HALF_LIFE, POUT, PRNT_RST
or when PRNT_RSTe 20, selected output parameters

Group 3- TRAK_TYPE, HALF_LIFE, POUT, PRNT_RST PRNT_VARNUM (V1
... V6)

Optional keyword “tcurve” is input to indicatthat transfer funatn curves should be
input to model matrix diffusion. It is followed by NUMPARAMS and TFILENAME.

KEYWORD
NUMPARAMS, FFMAX
TFILENAME

Optional keyword “zptr” designates zones for breakthrough curves will be defined. It
is followed by IPZONE and IDZONE.

KEYWORD ‘zptr’
IPZONE
IDZONE(I) 1 = 1 to IPZONE
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Group 4 is used to define models in whidlentical sorption and transport parameters
are assumed to apply. Group 4 data adruntil a blank line is encountered. The
model number ITRC is incremented by 1 ediche a line is read. Model parameters
defined in Group 4 are assigned to nodes or zones using Group 5.

An optional, flexible input structure involving the assignment of transport parameters
is implemented in the particle tracking input to allow multiple realization simulations
to use different parameters for each realization. The user invokes this option using the
keyword ‘file’ before Group 4, followed bthe name of the file that the transport
parameters reside in.

KEYWORD ffile’
PFILENAME
The structure of the alternate parameter file is:

NINPUTS
PTRPARAM(I) 1=1 to NINPUTS

[a line of parameters is present for each realization]

The method for assigning a given value of PTRPARAM to a specific transport
parameter, defined in Group 4, is discukbelow. There are aarbitrary number of

input lines each representing a given reatfion of parameter values. In a multiple-
realization scenariathe code enters thieput file for each reatation, and for this

input, reads down the corresponding number of lines to obtain the parameters for that
realization. For example, faealization number 10, the code reads down to the 10th
line of data (line 11 in the file) and uses those parameter values.

Once these parameters are read in for argrealization, they must be assigned to
specific transport parameters. This is done in the following way in Group 4. If any of
the inputs other than TRANSRG are negative, the code takes the absolute value of
the number and interprets it as the column number from which to assign the transport
parameter. For example, if DIFFMFL = -5 et the diffusion coefficient is the fifth
input number in the PTRPARAM array. In this way, any of the transport parameter
inputs can be assigned through the alternate input file rather than the input line in
ptrk . It should be noted that for the colloid diversity model, only K_REV need be
negative to indicate values should be réamin the parameter file, if K_REV is

negative then all five parameters aead from the file, otherwise the equation
parameters will be read from tiperk macro. This is to accommdate the fact that the
SLOPE_KF may have negative values.

KEYWORD ‘afm’
KEYWORD ‘dfree’

Optional keyword “size” is input to indicatthat the colloid size distribution model
option is being used. It is followed by PART_SIZE and PROBSIZE.

KEYWORD 'size’

PART_SIZE(l), PROBSIZE(l) - an arbitrary numbers of lines of input,
terminated by a blank line.

Optional keyword “dive” is input to indicate that the colloid diversity model is being
used. It is followed by optional keyword “file” and the name of the file containing the
CDF table or equation data (a descriptiortlod format for the file is provided with
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the secondanptr example), the TPRPFLAG with optional SIMNUM, optional CDF
equation parameters (when “file” is not used), and keyword “irreversible” or
“reversible” with FLAG_LOG.

KEYWORD ‘dive’ or KEYWORD ‘dive’
KEYWORD ‘file” TPRPFLAG
CDFFILENAME or
TPRPFLAG TPRPFLAG, SIMNUM
or K_REV, R_MIN,R_MAX, SLOPE_KF,
TPRPFLAG, SIMNUM CINT_KF
KEYWORD ‘irreversible’ KEYWORD ‘irreversible’
or or
KEYWORD ‘reversible’, KEYWORD ‘reversible’, FLAG_LOG
FLAG_LOG

Note that optional KEYWORDs “size”ral “dive” are only used when colloid
transport is enabled.

There are eight possible forms of input for Group 4, which depend on whether or not
the Active Fracture Model is implemed (optional KEYWORD “afm”), the free

water diffusion coefficient is useagtional KEYWORD “dfiee”), and colloid

transport is enabled (TRANSFLAG < 0). If colloid transport is enabled, then
ABS(TRANSFLAG) is used to determine the transport mechanism.

If there is no colloid transport, TRANSFLAG > 0

Group 4 - TRANSFLAG(ITRC), KD(IRC), TCLX(ITRC), TCLY(ITRC),
TCLZ(ITRC), DIFFMAT(ITRC), RD_FRAC(ITRC),
MATRIX_POR(ITRC), APERTURE(ITRC)

or with ‘dfree

Group 4 - TRANSFLAG(ITRC), KD(IRC), TCLX(ITRC), TCLY(ITRC),
TCLZ(ITRC), H20_DIFF(TRC), TORT_DIFF(ITRC),
RD_FRAC(ITRC), MATRIX_FOR(ITRC), APERTURE(ITRC)

or when ‘afm’ is implemented

Group 4 - TRANSFLAG(ITRC), KD(IRC), TCLX(ITRC), TCLY(ITRC),
TCLZ(ITRC), DIFFMAT(ITRC), RD_FRAC(ITRC),
MATRIX_POR(ITRC), APERTURE(ITRC), SRESIDUAL(ITRC),
GAMMA_AFM(ITRC)

or when ‘afm’ is implemented with ‘dfree’

Group 4 - TRANSFLAG(ITRC), KD(IRC), TCLX(ITRC), TCLY(ITRC),
TCLZ(ITRC), H20_DIFF(TRC), TORT_DIFF(ITRC),
RD_FRAC(ITRC), MATRIX_POR(ITRC), APERTURE(ITRC),
SRESIDUAL(ITRC), GAMMA_AFM(ITRC)

Or when colloid transpotlis enabled, TRANSFLAG < 0

Group 4 - TRANSFLAG(ITRC), KD(IRC), TCLX(ITRC), TCLY(ITRC),
TCLZ(ITRC), DIFFMAT(ITRC), RD_FRAC(ITRC),
MATRIX_POR(ITRC), APERTURE(ITRC), KCOLL(ITRC),
RCOLL(ITRC), FCOLL(ITRC)

or with ‘dfree’
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Group 4 - TRANSFLAG(ITRC), KD(IRC), TCLX(ITRC), TCLY(ITRC),
TCLZ(ITRC), H20_DIFF(TRC), TORT_DIFF(ITRC),
RD_FRAC(ITRC), MATRIX_POR(ITRC), APERTURE(ITRC),
KCOLL(ITRC), RCOLL(ITRC), FCOLL(ITRC)

or when ‘afm’ is implemented

Group 4 - TRANSFLAG(ITRC), KD(IRC), TCLX(ITRC), TCLY(ITRC),
TCLZ(ITRC), DIFFMAT(ITRC), RD_FRAC(ITRC),
MATRIX_POR(ITRC), APERTURE(ITRC), KCOLL(ITRC),
RCOLL(ITRC), FCOLL(ITRC) SRESIDUAL(ITRC),
GAMMA_AFM(ITRC)

or when ‘afm’ is implemented with ‘dfree’

Group 4 - TRANSFLAG(ITRC), KD(IRC), TCLX(ITRC), TCLY(ITRC),
TCLZ(ITRC), H20_DIFF(TRC), TORT_DIFF(ITRC),
RD_FRAC(ITRC), MATRIX_POR(ITRC), APERTURE(ITRC),
KCOLL(ITRC), RCOLL(ITRC), FCOLL(ITRC), SRESIDUAL(ITRC),
GAMMA_AFM(ITRC)

Group 5- JA, JB, JC, ITRC (JA, JB, JC - defined on page 33)

Group 6 - JA, JB, JC, PCNSK, T1SK, T2SK (JA, JB, JC - defined on page 33)
If POUT =5, an additional Group is included at the end of the ptrk input

Group 7 - JA, JB, JC, NODEPCONC (JA, JB, JC - defined on page 33)

The concentration output is written to the “.trc”, “.out”, and AVS concentration output
files. The “.fin” file is used only whespecified (a non-zero value is input for

PRNT_RST).
Input Variable Format Description
NPART integer Number of particles in the simulation. Note: the actual number may be

slightly less than the number specifiegdthe user because when the code
divides the particles among the starting nodes as specified in Group 7, the
code must input an integer number of particles at each node.

RSEED integer 6-digit integer random number seed.

RSEED_RELEASE integer 6-digit integer random numieexddsfor particle release location calculation|, If
a value is not entered for RSEED_RELEASE it will be set equal to RSEED.

Note that for GoldSim-FEHM coupled simulations the random seeds ar¢
controlled by GoldSIM and the values input in gtk macro are not used.

MAX1D integer Maximum 1-D array size for holding particle tracking information for all
simulated species. The value of MAX1D depends on number of species,
number of time steps, number of radionuclide release bins, number of species
involved in ingrowthand the length of #thdecay-ingrowth chain.

KEYWORD character*4  Optional keyword ‘wtri” indiciétg a water table rise calculation should be
performed.
WATER_TABLE real Water table elevation to bsed for water table rise calculation.

Note that for GoldSim-FEHM coupled simulations the water table rise
calculations are controlled by GoldSIM and the values input iptitke
macro are not used and may be omitted.
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Input Variable

Format

Description

KEYWORD

DAYCS
DAYCF
DAYHF
DAYHS
RIPFEHM

CONFREAD

GMOL

P_FRACTION

TRAK_TYPE

HALF_LIFE

POUT

character*4  Optional keyword ‘rip’ desigtirzg this is a GoldSim coupled simulation a

real
real
real
real

integer

real

real

real

integer

real

integer

nd
the alternate Group 2 data format should be used.

Time which the particle tracking solution is enabled (days).
Time which the particle tracking solution is disabled (days).
Time which the flow solution is disabled (days).

Time which the flow solution is enabled (days).

Parameter for assigning the particle starting locations based on radionpclide

flux input from the computer code GoldSim. Used when GoldSim is the
driver program and FEHM is dynamicallpked to perform particle tracking
transport.
If RIPFEHM = 1 Use input from GoldSim to assign particle starting
locations.
If RIPFEHM z1 Assign starting locations in the normal way.

Initial conversioraettor for GoldSim-FEHM coupling
(# of particles/mole).
If CONFREAD=0, at each time stepgtliode selects a conversion facto

based on the available memory and the remaining simulation time (end

time - current time). The code thereaghe selected conversion factor|to
calculate the number of particles toibcted at the current time step.

If CONFREAD >0, the code uses theoduct of the CONFREAD and the
input mass (in moles) to calculatetimput number oparticles at each
time step.

The molecular weight of thin species. The code uses GMOL and
CONFREAD to convert the mass from number of particles to grams in the
final output.

The decay-ingrowth particléei@se factor (percerga of the maximum
number of particles released for the péargpecies). Values are in the range
0. - 1. If the value is omitted it will default to 0.5.

Flag to denote the fluid phase of the particles:
1 - liguid phase particles
2 - vapor phase particles

Half-life for ireversible first order decay reaction (days). Set
HALF_LIFE = 0 for no decay.

Flag to specify the concentration output:

0 - Concentration output is a running total of the number of particles which

have left each node,\wdiled by the fluid or vipor mass at that node
depending on trak_type.

1 - Concentrations computed as number of particles per unit total volume

(rock and fluid)

2 - Concentrations computed as number of particles per unit fluid volume

(the fluid is liquid for TRAK_TYPE = 1 and gas for TRAK_TYPE = 2).

3 - Concentrations computed as number of particles at a given node point.
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Input Variable Format Description

5 - If this option is invoked, the particles injected at a particular node gre
assigned concentrations according to the input concentration defined in
the NODEPCONC array (Group 7). The code then outputs the mixed
mean concentration at each nodéhi@a model based on the assumption
of steady state flow.

6 - Used for C-14 radioactive decpgrticle mixing nodel (only liquid
tracer). For meaningful results tharticles must all be injected
simultaneously in a pulse (give a very short duration of injection stafrting
at time 0). The code contains data describing the function f(t) vs. time

t
where f(t) is given as: 2xp —kt dt

n
wheret is the time the particle enttre system anll  is the radioactive
decay constant for C-14. The outputhie final concentration after all
the particles have left the system.

-1, -2, -3, or -6 - Concentrations computed as specified above for abs(pout).
The “.trc” file containdreakthrough output for the first node specified
in the node macro.

-7 - Output is written every time a particle leaves a cell. This output is
particle number, cell number that the particle is leaving, zone number of
the cell, and time the particle leaves the cell.

PRNT_RST integer Flag to specify whether particle information is written to the “.fin",
“.ptrk_fin", or “.ptrk” files:

If PRNT_RST = 0, Particle informatiois not written to the output files.

If PRNT_RST =1, 11, 21, 31, 41, All particle information necessary fof a
restart is written to the “.fin” file.

If PRNT_RST =-1, -11, -21, -31, -40nly particle positions and ages ar
written to the “.fin” file.

If ABS (PRNT_RST) =2, 12, 22, 32 or 42, Mass flux values are written to
the “.fin” file followed by particle information.

If 10 " ABS(PRNT_RST) < 30, Particle #¥ocations and count are writte
to the “.ptrk_fin" file.

If ABS(PRNT_RST)* 20, Cumulative particle counts are written to the
“.ptrk” file, for variables specifiethy PRNT_VARNUM (the default is tg
output all variables).

If ABS(PRNT_RST)e« 40, Cumulative mass output from a FEHM/GoldSim
coupled simulation will be written to file FEHM_GSM_Mass_balance|txt.
Note that to track cumulative mass an additional array of size
maxparticles*nspeci must be alloedtso caution should be used when
specifying this option to ensure sufficient system memory is available.

D

>

When particle tracking data or maasxs are written to the “.fin” file, the
arrays are written after all of the&t and mass simulation information. Thg
mass fluxes can be read iritee code in a subsequegritk or mptr
simulation and the code can simulate $ort on this steady state flow field
(see macroflo ).The particle information written is sufficient to perform a
restart of the particle tracking simulation and to post-process the data ta
compile statistics on the particle tracking run.

U
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Input Variable

Format

Description

PRNT_VARNUM

KEYWORD

NUMPARAMS
TFILENAME

KEYWORD

IPZONE
IDZONE

KEYWORD

PFILENAME
NINPUTS

integer

character

integer
character

character*4

integer

integer

character*4

character*80 Name of file fronvhich to read transport parameters.

integer

However, for a large number of particles, this file can become quite larg
particle tracking information should lyrbe written when necessary. Thus,
should be used for PRNT_RST unlesstaeting or post-processing to obta
particle statistics is required. Selectihg -1 option allows a subset of the f
set of information needed for a restgrarticle positionsind ages) to be

written. Restart runs thase this file as input wilbnly be approximate, sinc
the particle is assumed to have just entered its current cell. For restart r

PRNT_RST =1 is preferred, while PRNRST = -1 is appropriate for output

of particle statistics for post-processing.

uns,

A list of integers specifyinghich particle counts should be output. For each

value entered PRNT_VAR(PRNT_VARNUM) et to .true. If no values ar
entered the default is to print all variables.

1 — Number of particles that have entered the system

2 — Number of particles currently in the system

3 — Number of particles that have left the system

4 — Number of particles that have decayed

5 — Number of particles that have been filtered

6 — Number of particles that left this time interval

£

Note: The data found in the “.ptrk” file was previously reported in the general

output file. From version 2.25 of the code and forward that data will be
reported in the optional, “.ptrk” file unless a coupled GoldSim-FEHM
simulation is being run. In addition,gtuser has the option of selecting whi
statistics parameters amported. The default is to report all statistics
parameters.

Optional keyword “tcurve” indicating transfer function curve data should
input to model matrix diffusion. tthe keyword is found then NUMPARAM]
and FILENAME are enteredtherwise they are omitted.

Number of parameters that define thansfer function curves being used.

Name of input file containinthe transfer function curve data.

Optional keyword ‘zptr’ desigiray zones for breakthrough curves will be
defined. If no keyword is input, IPZONE and IDZONE are also omitted.

Number of zones for which breakthrough curves are to be output

A list of zones for whigbarticle breakthrough data are required.

The code outputs the number of parsclbat leave the system at each zor
IDZONE at the current time step. This information is written to the “.out”
at each heat and mass transfer time step.

Optional keyword ‘file’ desigtirg alternate transport parameter file input
for multiple simulation realizations.

Number of inputs in each rowdafta in the alternattransport parameter
input file (PFILENAME).

ch

be

\*2J

e
file
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Input Variable Format Description

PTRPARAM real Array of transport parameter valirethe alternate traport parameter input
file (PFILENAME). The parameters thatay be input are those entered for
Group 4. Only those parseters being changed at each realization need he
entered.

KEYWORD character*4  Optional keyword ‘afm’ designating the Active Fracture Model input for
determining fracture spaw should be used.

KEYWORD character*5  Optional keyword ‘dfree’ desigesithat the free water diffusion coefficient
and tortuosity will be input instead of the molecular diffusion coefficient.

KEYWORD character*4  Optional keyword ‘size’ dgsiating that the colloid size distribution mode]|
option is being used (cdrined with the interfac8ltration option in theitfc
macro). If the keyword is not input, PART_SIZE and PROBSIZE are alsp
omitted.

9%
o

PART_SIZE real Colloid particle size for this gntif the particle size distribution table (pairg
with a value of PROBSIZE). An arbitrary number of entries can be input,
terminated with a blank line. The codssigns each particle a size based an
this distribution of particle sizesnd decides if particles are irreversibly
filtered based on the poresidistribution assigned in tlitéc macro.

PROBSIZE real Colloid cumulative probabilityrfthe distribution of sizes (paired with a
value of PART_SIZE). See description of PART_SIZE above for details.|The

final entry of the table must have PROBSIZE = 1, since the distribution {s
assumed to be normalized to unity.
KEYWORD character*4  Optional keyword “dive” signifyy that the specie being specified is eithgr a

1%

colloid species using the colloid diversity model or a non-colloid daughter
species of a colloid species.

KEYWORD character*4  Optional keyword ‘file’ degnating the cumulative probability distribution
function (CDF)retardation parameters for the colloid diversity model shquld
be read from an external file.

CDF_FILENAME character*80 Name oféffile containing the cumulative probability distribution function
(CDF) (entered if optional keywordil¢’ follows keyword ‘dive’). See
Section 6.2.59 for file formats
If TPRPFLAG = 11 or 12, Table option
If TPRPFLAG = 13 or 14, Equation option

The following equations are used flRf,;,, Rd R, ¢ R,= 1+K; &, ,
log,; CDF =b+m “Ioglo K

TPRP_FLAG integer Values of TPRPFLAG betweerabdl 14 signify that the colloid diversity
model with equal weight sampling will be used:

TPRPFLAG = 11: CDF vs retardati factor specified in a table

TPRPFLAG = 12: similar to 11, but the SQRT(CDF) is used instead of CDF
for sampling

TPRPFLAG = 13: CDF v&; (Attachmerate constant) specified as a
straight line equation in the log-log space

TPRPFLAG = 14: similar to 13, but the SQRT(CDF) is used instead of CDF
for sampling
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Input Variable Format Description

SIMNUM integer Simulation number, used for selecting the table/equation from the colloid
diversity file. For GoldSim-FEHM coded simulations or FEHM runs using
the ‘msim’ option this parameter is passed to the code. For non-coupled
simulations it is an optional input. (Default value = 1)

K_REV real Detachment rate constant for reversible filtration of irreversible colloids

R_MIN real Minimum value of the retardation facfor reversible filtration of irreversible
colloids.

R_MAX real Maximum value of the retardatidactor for reversible filtration of
irreversible colloids

SLOPE_KF real Value of the slopm) in the log-log space for the equation:

log; CDF = b+mog,, K

CINT_KF real Value of the intercepb)in the log-log space for the above equation

KEYWORD character Keyword specifying whetheettolloid species is ‘irreversible’ or
‘reversible’.

FLAG_LOG integer For reversible colloids amerage retardation factor is used:

If FLAG_LOG = 0: a linear averagof the distribution is used
If FLAG_LOG = 1: a log-linear avege of the distribution is used

TRANSFLAG integer Flag to specify which tremort mechanisms apply [abs(TRANSFLAG)]:
1 - advection only (no dispersion or matrix diffusion)

2 - advection and dispersion (no matrix diffusion)

3 - advection and matrix diffusion, infinite fracture spacing solution (ng
dispersion)

4 - advection, dispersion, and matrix diffusion, infinite fracture spacing
solution

5 - advection and matrix diffusion, finite fracture spacing solution (no
dispersion)

6 - advection, dispersion, and matrix diffusion, finite fracture spacing
solution

8 - use the the transfer function approach with 3 dimensionless parameters
and type curves for handling fracture-matrix interactions.

For TRANSFLAG < 0, transport simulations include colloids.

For equivalent continuum solutions, the fracture spacing in the finite spacing
model is determined usingPACING= APERTURE POROSIT

For dual permeability models, the fracture spacing input parameter APUV1 in
thedpdp macro is used as the half-spacbejween fractures. If the Active
Fracture Model (see keyword ‘afm’)ised, APUV1 is the geometric fracture
half-spacing, and the additionarms SRESIDUAL and GAMMA_AFM are
used to determine the spacingvoeen active fractures (see below).
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Input Variable Format Description

KD real Sorption coefficient (linear, revert@bequilibrium sorption). Units are kg-
fluid / kg-rock (these units are equivalent to the conventional units of cc
when the carrier fluid is water at standi@onditions). This value applies to
the medium as a whole wh matrix diffusion igurned off, whereas for
simulations invoking matrix diffusion, the value applies to the rock matrix.
For the latter case, sorption in the fiagy system (fractures) is modeled using
the RD_FRAC variable.

(]

TCLX real Dispersivity in the x-directiofm). The input value is ignored when
dispersion is turned off.

TCLY real Dispersivity in the y-directiofm). The input value is ignored when
dispersion is turned off.

TCLZ real Dispersivity in tk z-direction (m). The ingwalue is ignored when
dispersion is turned off.

DIFFMAT real Molecular diffusion coefficient in the rock matrix tfs). The input value is
ignored unless matrix diffusion is invoked.

RD_FRAC real Retardation factor within thémary porosity (fractures) for a matrix
diffusion particle trackig simulation (use 1 for n&orption on fracture faces).
The input value is ignored unless matrix diffusion is invoked.

MATRIX_POR real Porosity of the rock matrix. Used to simulate diffusion and sorption in the
rock matrix when matrix diffusion is invoked, otherwise the input value @
MATRIX_POR is ignored.

=

APERTURE real Mean fracture aperture (m). Tiygut value is ignored when matrix diffusign
is turned off.
KCOLL real Colloid distribution parameter, the ratio of contaminant mass residing on

colloids to the mass present in aqueous form. It is used to compute an
effective aperture via the following:

APWID = APERTURE 1+ KCOLL

RCOLL real Colloid retardation factor. Used, in conjunction with kcoll, to adjust collaid
retardation in fractures using the following formula:

RD_FRAC+ KCOLL"RCOLL

FRACRD= 1+KCOLL

FCOLL real Colloid filtration parameter. Used¢ompute the probability a colloid will bg
irreversibly filtered along the path between two nodes using the following:

PROBFILT= 1—-exp DISTANCEeFCOLL
whereDISTANCE is the length of the path between nodes.

SRESIDUAL real Residual saturation in the AetiFracture Model used for determining the
spacing between active fractures. Thisapaeter is only needed when the
keyword ‘afm’ is included, in which case the input must be entered. Howgver,
the model is only used in dual permeability simulations at locations whete the
finite spacing matrix diffusion modies invoked [abs(TRANSFLAG) =5 or
6].

GAMMA_AFM real Exponent in the Active Fracture Model used for determining the spacing
between active fractures. Seemuoents for SRESIDUAL above.
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Input Variable

Format Description

ITRC
PCNSK

T1SK
T2SK
NODEPCONC

integer Model number for parameters defined in group 4. Default is 1.

real Particle injection parameter assigned for nodes defined by JA, JB, and|JC.
When multiple lines of input are gimdor Group 6, all PCNSK values mus
have the same sign (i.e. the two options, described below, cannot be inyoked
in the same simulation).

PCNSK > 0 - particles are injected at each node in proportion to the spurce
mass flow rate at the node. When multiple lines of input are given fq
Group 6, PCNSK is proportional to the particle injection concentration.
This boundary condition is equivalent to injecting a solute of a giverj
concentration into the system. Notiee source flow rates used to assign
the number and timing of particle injections are those at the beginnipg of
the particle tracking simulation (time DAYCS). Transient changes in|this
source flow rate during the particle tracking simulation do not changg the
input of particles to the system.

=

PCNSK < 0 - particles are introduced at the node(s), regardless of whether
there is a fluid source at the node. &ihmultiple lines of input are given
for Group 6, abs(PCNSK) is proportional to the number of particles
introduced at the node(s).

Default is O for all unassigned nodes, megrthat no particles are injected jat
that node.

real Time (days) when particle injection begins. Default is 0.
real Time (days) when pattiécinjection ends. Default is 0.

real Input particle concentrationseToncentration associated with a particle
entering the system atspecified node.

The following is an example qftrk :

In this example, 10000 nondecaying, liquittorne particles are introduced as a sharp
pulse (from time 10 to 10.0001 days) with the injection fluid in zone 3 (an injection
well defined in thezonemacro precedingtrk ). The particle tracking simulation
starts as the heat and mass transfer sitimas turned off at day 10, after having
established a fluid flow steady state. Tmodels are defined for assigning transport
properties of the particles. All nodes argsigned to model 1, after which model 2
properties are assigned for zone 2. A cameld advection, dispersion, and matrix
diffusion model is used for all nodes. Howeysorption in the matrix occurs only for
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model 2 (which is zone 2 in this simulation), and the matrix transport properties

(porosity, fracture spacing, diffusion cdiefent) differ for this model as well.

ptrk

100000
10.

1
4
4

122945
20. 10. 20.
0 2 0
0. 2. 2. 2. 5.e-11 1. 0.1 0.333
3. 2. 2. 2. 1l.e-10 1. 0.28 2.
0 0 1
0 0 2
0 0 1. 10. 10.0001

In the second example, trsfier function data is usealong with theactive fracture
and colloid diversity models. Particle gi&ics data for the cumulative number of
particles that have left the sytem and the number of particles that left during th
current timestep are output.

ptrk
100000 244562 244562
0. 1.e20 0. 1l.e20

1 0.23036

tcurve

3

.[Icolloid_cell/input/uz_tfcurves_nn_3960.in

afm

diversity

file

.Icolloid_cell/input/rcoll_equation.dat

135

irreversible

-20.0 1.e-03 1.e-03 1.e-03 1.00e-30 1.0e+00 0.23..¢te+20 1 1.000.01 0.6 //layer

-20.0 1.e-03 1.e-03 1.e-03 1.00e-30 1.0€3:2M.00e+00 1e+20 1 1.00 0.00 0.0 //layern
1 10 1 1
11 20 1 2

1 1 1 -1.0. 0.01

e

=

2
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With the file rcoll_equation.dat as:

test file for 3ADmptr equal weight samplin
1. 1. 1. 0. O.

5. 5. 0. 0.
5. 5. 0. 0.
1. 9. 1. -09
5

1

(o]

. 85. 1.16667 -2.25
. 100000. 1. -5.

©0oUAwWR
EPEEPRERE

6.2.72 Control statement renuoptional)

Renumbers the nodes. This option should only be used by someone familiar with the
linear equation solver routines and grid renumbering techniques.

Group 1- IIRB(I) I =1, NEQ

Input Variable Format Description

IIRB integer New node number for givemede. A value is entered for each node.

6.2.73 Control statement res{optional)
Restart options for selecting flux output, file format, and content.
Group 1 - CHDUM

Input Variable Format Description

CHDUM character*80 Keyword specifyg format of restart file to be created and whether fluxes
should be output. Keywords are entered one per line and terminated with
‘end’ or a blank line. Keywords must be entered starting in the 1st column.
Valid keywords (case insensitive) are:

‘ascii’ - both read and vite restart files are ascii
‘binary’ - both read and wet restart files are unformatted
‘rbinary’ - unformatted read restart file
‘whinary’ - unformatted write restart file
Note: Default file format is ascii if not specified.
‘noflux’ - no flux output
‘flux’ - both liquid and vapor flux output
‘Iflux’ - liquid flux output
‘Vflux’ - vapor flux output
Note: Default is to not write or read flux data to/from the restart files.
‘old’ - Use old style restart format (Version 2.3 or older).

‘new’ - Use new restart file output format (Version 3.0 or newer)
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Input Variable Format Description

Note: Default is to use the new style. The older style is maintained to
facilitate use of post-prossing applications writteto use data as formattegd
in the original files. A description of the file formats is provided in
Section 7.2.

‘read’ - A list of restarvariables that should be read for the current
simulation follows. :

‘write’ - A list of restart variables to be output to the restart file follows.

Note: Default is to read all variables found in the restart file and to write all
variables active in the aent simulation. The variables are entered on the
same line as the ‘read’ or ‘write’ keyrd. The following variable keywords
may be used:

none

all

tem

pres

trac

ptrk

gasp

pini

saturation

co2

mass

disp (disx, disy, disz)

strs or stre or strs (strx, stry, strz, stxy, stxz, styz)

The following is an example atst. In this example restart data will be written to an
unformatted file and liquid flux will be output. If a read restart file is used it will be in
ascii format and if liquid flux data igresent in the file it will be read.

rest
whbinary
Iflux

6.2.74 Control statement rflo(optional)

No input is associated with this macro. This option is available for single continuum
or double porosity/double permeability (dpdp) models only and is used in conjunction
with transport modeldgi@ac, ptrk, mptr, orsptr macros). When this option is selected
flow calculations are not denand it is assumed the flow field is at steady-state.

When invoked, the code will read mass flux values (kg/s) from the “.ini” file. Mass
flux values are read for eaclmnnection of each node, stagiwith node 1. The mass
flux values include sources ainks for each node. Flowtma node is negative, and
flow out of a node is positive. The mabsx values for the facture domain are read
first followed by the mass flux values in the matrix domain. The mass flux between
fracture and matrix elemengse read last. Flow from ¢hfracture to the matrix is
denoted as positive.
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Mass flux values can be generated during a previous FEHM simulatione®ee
macro) or may be generated byalternate flow code (see Ho, 1997).

In version 2.30 an additional option was added torflee macro. If the macro is
entered asrflor ” the flux values will be negated and a reversed flow field will be
used for the transport simulation.

6.2.75 Control statement rich(optional)

Invokes Richard’s equation solution for unsaturated-saturated flow. A single phase
approach that neglects air phase flamd assumes the movement of water is
independent of air flow and pressure. Usasiable switching (Pressure, Saturation)

Group 1 - STRD_RICH TOL_PHASE, PCHNG, SCHNG

Input Variable
STRD_RICH

TOL_PHASE
PCHNG

SCHNG

Format Description

real Newton-raphson relaxation factor

real Tolerance for full saturation

real Pressure adjustmeatter variable switch
real Saturation adjustmeatter variable switch

The following is an example of rich.

rich
0.95 1l.e-5 l.e-3 1l.e-3

6.2.76 Control statement rive or weloptional)

River or implicit well package.
Group 1 KEYWORD
KEYWORD “wellmodel”
NRIVER, IRIVER
If IRIVER =1
INRIVERF, ISRIVEREF, IFRIVERF,IWSP
KEYWORD “end macro” (required)

The input is terminated with keyworefid rive, “endrive, “end well or “endwelf,
where the macro name should match the input macro name that was used.

Input Variable

KEYWORD

NRIVER

KEYWORD “wellmodel

Format Description

character

integer Number of models defined for this call.
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IRIVER integer Type of surface/well flow
IRIVER = 0 no routing, ponding, groundwater connection
IRIVER = 1 simple fluid routing, no groundwater connection
IRIVER = 2 simple stream definition, no groundwater connection
IRIVER = 3 simple stream definition, with groundwater connection
IRIVER = 4 simple stream definition, with groundwater connection
(with ponding)

INRIVERF Section number (id) of ith section.

ISRIVERF Number of layers for the ith section.
IFRIVERF Number of coordinate points in the ith section.
IWSP

KEYWORD “endwelf

6.2.77 Control statement rlp(optional)
Relative permeability and cdlary pressure model. Serad models are available.

Group 1 - IRLP(i), RP1, RP2, RP3, RP4,RMRP6, RP7, RP&RPY, RP10, RP11,
RP12, RP13, RP14, RP15, RP16 (numbeparameters entered depends
on model selected)

Group 2 - JA,JB, JC, I (JA, JB, JC - defined on page 33)

Only those parameters defined for a given model need to be input. Group 1 is ended
when a blank line is emaintered. The parameters incremented each time a Group 1
line is read. Group 2 lines will refer to this parameter. For model numbers 4, 6, and 7
(the combined van Genuchten model), the permeability is isotropic and overwrites the
input from macrgoerm. Macrofper can be used with models 4, 6, and 7 to introduce

anisotropy.
Input Variable Format Description
IRLP(i) integer Relative permeability model type.

Model -1: IRLP(i) = -1, constant relative permeability, linear capillary pressure (4 parameters required).

RP1 real Liquid relative permeability (#).

RP2 real Vapor relative permeability (.

RP3 real Capillary pressure at zero saturation (MPa).

RP4 real Saturation at which capillary pressure goes to zero.

Model 1. IRLP(i) = 1, linear relative permeability, lineeapillary pressure (6 parameters required).
RP1 real Residual liquid saturation.
RP2 real Residual vapor saturation.

RP3 real Maximum liquid saturation.
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Input Variable Format Description

RP4 real Maximum vapor saturation.

RP5 real Capillary pressure at zero saturation (MPa).

RP6 real Saturation at which capillary pressure goes to zero.

Model 2. IRLP(i) = 2, Corey relative permeability, &ar capillary pressure (farameters required).

RP1 real Residual liquid saturation.

RP2 real Residual vapor saturation.

RP3 real Capillary pressure at zero saturation (MPa).

RP4 real Saturation at which capillary pressure goes to zero.

Model 3: IRLP(i) = 3, van Genuchten relative permeabijlitgn Genuchten capillary pressure (6 parameters

required). In this model permeah#s are represented as a functidrcapillary pressure [rip(h)].

RP1 real Residual liquid saturation.

RP2 real Maximum liquid saturation.

RP3 real Inverse of air entry heald; (1/m) [note some data is given in
(1/Pa) convert using pressureld ' h].

RP4 real Power n in van Genuchten formula.

RP5 real Low saturation fitting parameter, multiple of cutoff capillary pressure
assigned as maximum capillary pressure.

If RP5 < 0 then a linear fit from thautoff saturation (RP6) is used. The
slope of the cutoff saturation is used to extend the function to saturgtion
=0.

If RP5 =0, a cubic fit is used. Thepk at the cutoff saturation is matched

W v
and the conditionsvﬁpcap =0 andvgpcap= O are forcedfat
S=0.
If RP5 > 0, a multiple of the value tife capillary pressure at the cutoff
saturation,RP5 xPcap S, s isforcedd = 0
RP6 real Cutoff saturation used in fits déised for RP5, must be greater than RPL.
Model 4: IRLP(i) = 4, van Genuchten relative perme#fgivan Genuchten capillary pressure, effective
continuum (15 parameters requirebl) this model permeabilitiesarepresented as a function of
capillary pressure [rIp(h)].
RP1 real Residual liquid saturation, matrix rock material.
RP2 real Maximum liquid saturation, matrix rock material.
RP3 real Inverse of air entry healy; (1/m) [note some data is given in

(1/Pa) convert using pressureld ' h], matrix rock material.
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Input Variable

Format

Description

RP4
RP5

RP6
RP7
RP8
RP9

RP10
RP11

RP12
RP13

RP14

RP15

real

real

real
real
real

real

real

real

real

real

real

real

Power n in van Genuchtenmimila, matrix rock material.

Low saturation fitting parameter, matrix rock material, multiple of cutoff
capillary pressure assignedraaximum capillary pressure.
If RP5 < 0 then a linear fit from treutoff saturation (RP6) is used. The
slope of the cutoff saturation is used to extend the function to saturgtion
=0.

If RP5 =0, a cubic fit is used. Thepk at the cutoff saturation is matched
w v

and the conditionsVTSPcap =0 anelvgpcapZ O are forcedfat

S=0.
If RP5 > 0, a multiple of the value tife capillary pressure at the cutoff
saturation,RP5 XPcap S, s isforcedd = O

Cutoff saturation used in fits déised for RP5, must be greater than RP[L.
Residual liquid sattion, fracture material.
Maximum liquid saturation, fracture material.

Inverse of air entry pressuig, (1/m) [note some data is given in
(1/Pa) convert using pressureld ' h], fracture material.

Power n in van Genuchfermula, fracture material.

Low saturation fitting parameter, fracture material, multiple of cutoff
capillary pressure assignedrmaximum capillary pressure.

If RP11 < 0 then a linear fit fromehcutoff saturation (RP12) is used. The
slope of the cutoff saturation is used to extend the function to saturgtion
=0.

If RP11 =0, a cubic fitis used. Thepk at the cutoff saturation is matched

2

and the conditionsvgpcap =0 andv\%PcapZ O are forced jat

S=0.
If RP11 > 0, a multiple of the value of the capillary pressure at the cutoff
saturation,RP11 XPcap S, s isforcedd = 0

Cutoff saturation used in fits désed for RP11, must be greater than RP7.

Fracture permeability (?ﬂ. This is the permeability of the individual
fractures. The bulk permeabilibf the fracturecontinuum is

RP13 uRP15. Ccan be made anisotropic with macro FPER.

Matrix rock saturated permeability fpn Can be made anisotropic with
macro FPER.

Fracture volume fraction. Is equethe fracture apenta divided by the
fracture spacing (ith same units). Sometimes called fracture porosity.
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Input Variable

Format

Description

Model 5:

Model 6:

Model 7:

RP16

IRLP(i) = 5, van Genuchten relative permeabilitsn Genuchten capillary pressure (6 parameterg
required). This model and its input are the samér Model 3 except that permeabilities are
represented as a function of saturatidp(f8)] rather than capillary pressure.

IRLP(i) = 6, van Genuchten relative perme#pivan Genuchten capillary pressure, effective

continuum (15 parameters requiretiis model and its input are the same as for Model 4 except|that

permeabilities are representedaafsinction of saturation [rlp(S)] rather than capillary pressure.

IRLP(i) = 7, van Genuchten relative perme#fgivan Genuchten capillary pressure, effective

continuum with special fracture interaction term p8ameters required). This model and its input are

the same as for Model 6 except that the an addittema is included which represents the fracture

matrix interaction.

real

Fracture-matrix teraction term. If RP1&10, then an additional
multiplying term equal to the relative permeability is applied to the fracture-
matrix interaction term for dual permelitly problems. If RP16 >0, then ar

additional multiplying term equal t8I** RP16 and

1.—sl ** RP16 is applied to the fracture-matrix interaction terms for
the liquid and vapor phases, respectively, for dual permeability problems.
Here, S| is the value of saturation at the given node.

Model 10: IRLP(i) = 10, linear relative permeability with minimum relative permeability values, linear capillary

RP1
RP2
RP3
RP4
RP5

RP6

RP7
RP8

pressure (8 parameters required).

real
real
real
real

real

real

real

real

Residual liquid saturation.
Residual vapor saturation.
Maximum liquid saturation.

Maximum vapor saturation.
Minimum liquid permeability (rf).
Minimum vapor permeability (?r).

Capillary pressure at zero saturation (MPa).

Saturation at which capillary pressure goes to zero.

The following is an example afp . In this example, Corey type relative permeability
is specified, with residual liquid saturatioi 0.3, residual vapor saturation of 0.1, a
base capillary pressure of 2 MPa, and capjllpressure goes to zero at a saturation of
1. This model is assigned to nodes numbered 1 through 140.

2

0.3 0.1 2.0 1.

140 1 1
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6.2.78 Control statementlpm (optional)
Relative permeability and cdlary pressure model. Seked models are available.
Group 1- KEYWORD “group”, GROUP_NUMBER
The Group 1 KEYWORD *“group”, which starts each model sequence.
Group 2 - PHASE, MODEL_TYPE, RLP_PARAM(i), i = 1, NUMP
An entry is made for each active phase in the model.

Group 3- KEYWORD *“cap”, COUPLING, MODEL_TYPE, CAP_PARAM(i), i =
1, NUMP

An entry is made for each phase-coupling in the model.

NUMP is the number of parameters needeadlie selected model type (see parameter
table).

Groups 1 to 3 are entered for each relafieemeability and capilly pressure model
being defined.

Alternatively, to enter relative permeability data in a table.

Group 2 - KEYWORD “table”, TBLNUM, NPARAMS, PHASE1, COUPLING
Group 3- SATURATION, PHASERELPERM, CAPILLARY PRESSURE
-Or-

Group 2 - KEYWORD *“table”, TBLNUM, NPARAMS, PHASE1, PHASE?2,
COUPLING

Group 3- SATURATION, PHASERELPERM, PHASE2 RELPERM,
CAPILLARY PRESSURE

Group 3 is entered multiple times to covke full range of wetting phase saturation
(0. - 1.0).

Table input is terminated with KEYWORD ‘end’ or a blank line. Note input saturation
is the saturation of the wetting phase, &4ASE1 is the wetting phase. nparams is
the number of parameters found in the table (3 or 4).

-or-
Group 3- KEYWORD *“file”
TABLE_FILE
Table data will be read from the specified file.
Model input is terminated with KEYWORD ‘end’ or a blank line.
Group 4 -JA, JB, JC, GROUP_NUMBER (JA, JB, JC-defined on page 33)
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Model Input Parameter
Relative permeability 1 2 3 4 5 6 7 8
Linear S Smax
Exponential S Smax Kk
Corey St Sg
Brooks-Corey Sy Sig (0]
Van Genuchten S Smax & N
Van Genuchten Fracture S Smax & N ks Km \'Z fmit
Capillary pressure
Linear Cp S
Brooks-Corey Sy Sig (0] Cpe Cutl Sgut
Van Genuchten Sy Smax & N Cutl St
Parameter Format Description
S real Saturation at which capillary pressure goes to zero.
S real Residual (or minimum) saturation.
Sy real Residual liquid saturation.
Sig real Residual gas saturation.
Shax real Maximum saturation.
k real Exponent for exponential model.
0] real Exponent in Brooks-Corey model.
D real Inverse of air entry heady; (1/m)
N real Power ‘n’ in van Genuchten formula.
Cp real Capillary pressure at zero saturation (MPa)
Cpe real Capillary entry pressure (MPa)
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Parameter Format Description

Cutl real Low saturation fitting parameter.

Scut real Cutoff saturation

ke real Fracture permeability (P

Km real Matrix permeability (m)

Vi real Fracture volume fraction

fmit real Fracture-matrix interaction term. (Can be omitted if not used)
Input Variable Format Description

KEYWORD character Keyword ‘group’ specifying the start of a relative permeability/

GROUP_NUMBER

PHASE

MODEL_TYPE

RLP_PARAM

integer

character

character

real

capillary pressure model
Identidir for the current model.

Fluid s&in the current model:

1-
2-
3-
4 -
5 -
6 -
7 -
8 -

Relative permeability model type:

1-
2.
3-
4 -
5-
6 -
7 -
8 -

the last model entered with identical input parameters.
Applies only to the current group. For the case of a Brook
Corey or Van Genuchten capillapyessure model, this can b
used for the first entry whetée initial parameters are the

same for both the rlp and cap models. In that case only ti
additional capillary pressure parameters need to be inpuf.

Input parameters for the specified relative permeability model.

water or h2o_liquid

air
co2_liquid or co2_sc
co2_gas

vapor or h2o_gas
methane_hydrate
oil

gas

constant

linear (rlp) or linear_for (cap)

exponential

corey [Corey]

brooks-corey [Brooks-Corey]

vg [Van Genuchten (function of saturation)]

vg_cap [Van Genuchten (function of capillary pressure)]
same [Indicates that the mddeing used is the same 4

S_

[¢)

—_—
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Input Variable Format Description
KEYWORD character Keyword ‘cap deS{gnqtlng that agsated capillary pressure model
parameters are being input.
COUPLING character Phase coupling foe tturrent capillarypressure model:
1-  air/water
2 -  water/co2_liquid
3-  water/co2_gas
4 - co2_liquid/co2_gas
5-  water/vapor
6-  air/vapor
CAP_PARAM real Input parameters for thpecified capillary pressure model.
KEYWORD character Keyword tgble c_ie3|gr_1at|ng that relative perameability and capillg
pressure will be input in a table.
TBLNUM integer Table identifier.
NPARAMS integer Number of parameters defil in the table (including saturation).
PHASE1 character Fluid state of the wetting phase (see PHASE for phase ID)
PHASE?2 character Fluid staté the non-wetting phase (see PHASE for phase ID)
Examples
rlpm
group
water corey 0.3 0.1
vapor same
end
1 140 1 1
rlpm
group 1
water linear 0.3 1.0
air linear 0.3 1.0
cap air/water linear_for 93.6 100.
end
1 0 0 1
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rlpm
group 10
water vg_cap 0.0001 1.0 3.0 3.0
air same
air/water  vg_cap 0.0001 1.0 3.0 3.0 2. 0.05
end
1 0 0 10
rlpm
group 1
water vg_cap 0.0212 1.0 0.00715 1.62
fracture 0.03 1.0 12.05 3.00 0Be-09 2.04e-18 2.93e-04 0.
air same
cap air/water  vg_cap 0.0212 1.0 0.00715 1.62 2. 0.0312
fracture 0.03 1.0 12.05 3.00 20.0 0.0001
group 2
water vg_cap 0.154 1.0 0.371 2.37
fracture 0.03 1.0 13.72 3.00 IMe-09 25l1e-18 9.27e-05 0.
air same
cap air/water  vg_cap 0.154 1.0 0.371 2.37 2. 0.164
fracture 0.03 1.0 13.72 3.00 20.0 0.0001
group 3
water vg_cap 0.0453 1.0 0.0133 1.80
fracture 0.03 1.0 11.96 3.00 4.57e-09 2.09e-18 2.43e-04 0.
air same
cap air/water  vg_cap 0.0453 1.0 0.0133 1.80 2. 0.0553
fracture 0.03 1.0 11.96 3.00 20.0 0.0001
group 4
water vg_cap 0.0968 1.0 0.0273 2.46
fracture 0.03 1.0 11.96 3.00 6.53e-09 1.10e-16 1.11e-04 O.
air same
cap air/water  vg_cap 0.0968 1.0 0.0273 2.46 2. 0.1068
fracture 0.03 1.0 11.96 3.00 20.0 0.0001
end
-1 0 0 1
-2 0 0 2
-3 0 0 3
-4 0 0 4
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rlpm

group 1

water corey 0.3
vapor same

group 2

table 1 4
file

input/doe_rlpm.table

end

1 140 1

0.1

water

vapor

water/vapor

For example, the file doe_rlpm.table would @ntsome header rovisllowed by saturation
versus relative permeaityl and capillary pressure.

0.00000000

0.100000000
0.150000000
0.200000000
0.250000000
0.300000000
0.350000000
0.400000000
0.450000000
0.500000000
0.550000000
0.600000000
0.650000000
0.700000000
0.750000000
0.800000000
0.850000000
0.900000000
0.950000000
1.00000000

0.500000000E-01

0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.732682696E-64
0.482253086E-04
0.771604938E-03
0.390625000E-02
0.123456790E-01
0.301408179E-01
0.625000000E-01
0.115788966
0.197530864
0.316406250
0.482253086
0.706066744
1.00000000
1.00000000
1.00000000

FEHM V3.00pgi64 10-10-20 QA:NA 10/20/2010 14:23:18
*** DOE Code Comparison Project, Problem 5, Case A ***
Relative permeability and Capillary pressure

"Saturation" "Liquid" "Vapor" "Capillary pressure"

1.00000000
1.00000000
1.00000000
1.00000000
1.00000000
1.00000000
1.00000000
0.834442515
0.675154321
0.527343750
0.395061728
0.281201775
0.187500000
0.114535108
0.617283951E-01
0.273437500E-01
0.848765432E-02
0.110918210E-02
0.00000000
0.00000000
0.00000000

0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

6.2.79 Control statement rock(required)

Assign rock density, specific heat and porosity.
JA, JB, JC, DENRD, CPRD, PSD (JA, JB, JC - defined on page 33)

Group 1 -
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Input Variable Format Description
DENRD real Rock density (kg/r).
CPRD real Rock specific hea( R_g’\% ) If CPRD > 1 the code will assume the units
J .
are( = ) and multiply by 1¢.
PSD real Porosity.

Special note on negative porosities. If the code encounters a negative
porosity, the node at which the negatporosity occurs is effectively
removed from the model. That is, theometric connectiorfsom that node
to other nodes in the model are ramd. The volume associated with the
node acts as a barrier to flow. For input purposes, the node may still b
assigned properties, though they will have no effect on the simulation
results.

[}

The following is an example abck. In this example the nodes numbered 1 through
140 are assigned a rock density of 2563. K&y/arock specific heat of 1010. J/(kg K)
and a porosity of 0.35.

rock
1 140 1 2563. 1010. 0.35

6.2.80 Control statement rxn(optional)

Chemical reactions between components areked with this control statement. It is
used in conjunction with control statemerec. For facilitating the construction of
therxn input, a header describing the inputegjuired before each group whether data
is entered for that group or not (see epdas) unless otherwise noted. The header is
an arbitrary text string that must be contained on a single line. Note that for
components that do not¢act with other componentxn is unnecessary. Specifically,
conservative tracers or tracdhlsat follow the equilibrimm sorption isotherms can be
modeled with just thérac macro. Note the parameteNCPNT, NIMM, NVAP (used
as indices for input) are determined by the code using information input forathe
macro. NCPNT is equal to the number of liquid components, NIMM is equal to the
number of immobile components, and NVAP is equal to the number of vapor
components specified in theac macro.

Group 1 - NCPLX, NUMRXN
Group 2 - NGROUPS

GROUP (ICPNT), ICPNT =1, NCPNT (repeated NGROUPS times, once
for each group).

Group 3- IDCPNT, CPNTNAM, IFXCONCCPNTPRT, CPNTGS (repeated
NCPNT times)

Group 4 - IDCPLX, CPLXNAM, CPLXPRT (repeated NCPLX times)
Group 5- IDIMM, IMMNAM, IMMPRT (repeated NIMM times;)
Group 6 - IDVAP, VAPNAM, VAPPRT (repeated NVAP times)
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Group 7 - ISKIP
Group 8 - RSDMAX
HEADING
Note that this is an additional headiline that precedes the LOGKEQ heading.
Group 9 - LOGKEQ
Group 10 - CKEQ, HEQ (NCPLX times)
or
Group 10 - KEYWORD, NUM_TEMPS
EQTEMP(l), | = 1, NUM_TEMPS
LKEQ(I), I = 1, NUM_TEMPS

For group 10the keyword ‘lookup’ can be used place of CKEQ and HEQ.
LOOKUP allows a lookup table to be useddimscribe the equilibrium constant (K) as
a function of temperaturéfter the keyword, the usenust specify the number of
values of temperature andtKat will be used to describe K as a function of
temperature. On the next lines the tempamed, and then the K values are entered.
FEHM performs a piecewise linear inpeation between the values given.

Group 11 -STOIC(ICPNT), ICPNT = 1, NCPNT (repeated NCPLX times, once for
each aqueous complex)

Input for groups 9, 10 and 11 is omitted if NCPLX, the number of aqueous complexes,
is zero.

The remaining groups are entered as a farieach kinetic reactio If there are no
kinetic reactions specified, nomd the following groups (otheir headers) are input.
The input for groups 14 and on, depend om kmetic reaction type specified in group
12. The input for each kinetieaction type is described below.

Group 12 - IDRXN
Group 13 - JA, JB, JC (JA, JB, JC - defined on page 22)
IDRXN = 1: Linear kinetic reaction
Group 14 - IAQUEOUS, IIMMOBILE
Group 15 - KD
or
Group 15 - KEYWORD, NUM_TEMPS
EQTEMP(l), | = 1, NUM_TEMPS
TCOEFF(I), | = 1, NUM_TEMPS

NOTE: The distribution coefficient can veplaced with the kavord ‘lookup’ for
temperature dependent coefficients. The keyword is described in Group 10.

Group 16 - RATE

IDRXN = 2: Langmuir kinetic reaction
Group 14 - IAQUEOUS, IIMMOBILE
Group 15 - DISTCOEEF

or
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Group 15 - KEYWORD, NUM_TEMPS
EQTEMP(I), | = 1, NUM_TEMPS
TCOEFF(l), I = 1, NUM_TEMPS

NOTE: The distribution coefficient can veplaced with the kavord ‘lookup’ for
temperature dependent coefficients. The keyword is described in Group 10.

Group 16 - RATE

Group 17 - MAXCONC

IDRXN = 3: General reaction

Group 14 - NIMMOBILE, NAQUEOUS, NVAPOR

Group 15 - KFOR, KREV

Group 16 - IIMMOBILE (I = 1, NIMMOBILE)

Group 17 - IMSTOIC (I = 1, NIMMOBILE)

Omit groups 16 and 17 (including headers) if NIMMOBILE is zero.
Group 18 - IAQUEOUS (I = 1, NAQUEOUS)

Group 19 - AQSTOIC (I = 1, NAQUEOUS)

Omit groups 18 and 19 (including headers) if NAQUEOUS is zero.
Group 20 - IVAPOR (I = 1, NVAPOR)

Group 21 - IVSTOIC (I = 1, NVAPOR)

Omit groups 20 and 21 (including headers) if NVAPOR is zero.
IDRXN = 4: Dual Monod kinetics biodegradation reaction

Group 14 - NAQUEOUS (must be >2 and < 5), NIMMOBILE
Group 15 - SUBSTRATE, ELECACGCOMP3, COMP4, COMP5

Note that the users choiod NAQUEOUS determines whether COMP3, COMP4, and
COMPS5 need to be entered. NIMMOBILRust be 1. NAQUEOUSlIso determines
whether the COMP3, COMP4, and COMP5 shoometries are to be used by the code.
However values must always be entereddmups 21-23 regardless of the value of
NAQUEOUS.

Group 16 - BIOMASS
Group 17 - KS

Group 18 - KA

Group 19 - DECAY

Group 20 - ELECACCSTOIC
Group 21 - COMP3STOIC
Group 22 - COMP4STOIC
Group 23 - COMP5STOIC
Group 24 - PHTHRESH
Group 25 - QM

Group 26 - YIELD
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Group 27 - XMINIT

Group 28 - NBIOFRM

Omit Group 29 if NBIOFRM =0

Group 29 - ICBIO (I = 1, NBIOFRM)
IDRXN=5: Radioactive Decay Reaction
Group 14 - HALFLIFE

Group 15 - RXNTYPE

Group 16 - PARENT, DAUGHTER
IDRXN=6: Kinetic Henry’s Law reaction
Group 14 - IAQUEOUS, IVAPOR
Group 15 - KH

Group 16 - RATE

IDRXN = 7: Kinetic precipitation/dissolution reaction for total component
concentrations

Group 14 - IIMMOBILE

Group 15 - NAQUEOUS

Group 16 - IAQUEOUS (I = 1, NAQUEOUS)

Group 17 - IMSTOIC

Group 18 - AQSTOIC (I = 1, NAQUEOUS)

Group 19 - SOLUBILITY

or

Group 19 - KEYWORD, NUM_TEMPS
EQTEMP(l), | = 1, NUM_TEMPS
TCOEFF(l), | = 1, NUM_TEMPS

NOTE: Solubility can be replaced withe keyword ‘lookup’ for temperature
dependent solubilities. The keyword is described in Group 10.

Group 20 - RATE
Group 21 - SAREA

IDRXN = 8: Kinetic precipitation/dissolution reaction for total component
concentrations with rates baseon free-ion concentrations

NOTE: The input is identical to that for reaction model 7.

Input Variable Format Description

NCPLX integer Number of aqueous complexes (equal to number of equilibrium
reactions)

NUMRXN integer Number of kinetic reactions

NGROUPS integer Number of groups. See GROUP to determine how to set this paraqneter.
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Input Variable

Format

Description

GROUP

IDCPNT

CPNTNAM

IFXCONC

CPNTPRT

CPNTGS

IDCPLX

CPLXNAM

CPLXPRT

IDIMM

IMMNAM

integer

integer

character*20

integer

integer

real

integer

character*20

integer

integer

character*20

This variableontrols the selective coupling solution method employe
by FEHM. NCPNT values are entered for each line of input, and
NGROUPS lines of input are requiraxhe for each group. If a value is
non-zero, then that agueous comporeptesent in the group. A value @
zero denotes that the species is not present in the group. Grouping
agqueous components that take parapid kinetic reactions is required

for convergence. However, memoryjoirements increase as the squar

of the maximum number of aqueous components in a group.

For each total aqueous comgnt, the number identifying each total
agueous component (e.g. 1, 2, etc.)

For each total aqueousiponent, the name of the total aqueous
component (e.g. Sulfate)

For each total aqueous componde Flag denoting the type of total
aqgueous component
1 - total aqueous concentration is specified in TRAC macro
2 - specify log of free ion concenti@t in TRAC macro (use for pH).
For example, if H+ is the component, IFXCONC of 2 allows for
to be directly input in place @oncentration values in the TRAC
macro.

For each total aqueous compiptie® Flag denoting which total aqueo
component concentrations are printedhe “.trc” file and the AVS files.

0 - Print to file

1 - Do not print to file

Guess for the initial uncomy@d component concentration used in
speciation reactions. We recommen@e-9. On rare occasions, the
chemical speciation solver may have trouble converging. Choosing
representative values for CPSE will help convergence.

For each aqueous complére number iderfiying each aqueous
complex. By convention, the first complex should be given the numh
101, the second, 102, etc.

For each aqueous comptee, name of the aqueous complex (e.qg.
H,SOy)

For each aqueous complteg,Flag denoting which aqueous complex
concentrations are printed to the “.trc” file and the AVS files.

0 - Print to file

1 - Do not print to file

For each immobile componethe number identifying each immobile
component (e.g. 1, 2, etc.)

For each immmle component, the nanod the immobile component
(e.g. Calcite, Co[adsorbed] )

S

more

er
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Input Variable Format Description
IMMPRT integer For each immobile compongthe Flag denoting which immobile
component concentrations are printedhe “.trc” file and the AVS files.
0 - Print to file

1 - Do not print to file

IDVAP integer Fore each vapor componghe number identifying each vapor
component (e.g. 1, 2, etc.)

VAPNAM character*20  For each vapor componéghg name of the vapor component (e.g.
CO2[gas])
VAPPRT integer For each vapor componeng, fttag denoting which vapor component
concentrations are printed to the “.trc” file and the AVS files.
0 - Print to file

1 - Do not print to file

ISKIP integer Flag denoting whether chemispéciation calculatiorghould be done alf
nodes which have already converged in a previous transport iteratio
0 - Do chemical speciation calculatioaiseach node for every iteratio

(recommended option)

> D

1 - To save computational time, this options tells FEHM to do
equilibrium speciation calculations only at nodes which have nat
converged during the previous transport iteration. Sometimes, this
option can lead to mass balance errors (mass balances can be
checked in the “.out” file to saeresults are satisfactory). This
option is only recommended for very large problems.

RSDMAX real The tolerance for the equilibniuspeciation calculations. We recommend
1x10° for most problems.

HEADING character One line descriptiverament which precedes the LOGKEQ heading

LOGKEQ integer Flag denoting the whether K or log K is entered by the user
0 - constants are given as K
1 - constants are given as log K

CKEQ real For each aqueous complex, the equilibrium constant

HEQ real For each aqueous complex, the @pthof the equilibrium reaction. The
Van Hoff equation is used to determine the value of the equilibrium
constant as a function of tempena. Note the keyword ‘lookup’ (see
page 143) can be used in the place of CKEQ and HEQ.

KEYWORD character Keyword ‘lookup’ designating a lookup table will be used to describge the
equilibrium constant as function of temperature.

NUM_TEMPS integer Number of values of temperature and K that will be used to describe K as
a function of temperature.

EQTEMP real Temperatures for K functiolf)

LKEQ real Equilibrium constants for K function
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Input Variable Format Description

STOIC real For each aqueous complex, tliichiometry describing how to “make”
the complex from the total aqueous components must be entered. If
positive, the solute is a reactant; ifyagéive, the solute is a product; andji
0, the solute is not present in the reaction.

IDRXN integer For each kinetic reaction, tipiarameter specifies kinetic reaction mod
Currently, the following reaction models are available. Additional kinetic
formulations can be added without significant code development.

1 - linear kinetic reaction

2 - langmuir kinetic reaction

3 - general kinetic reaction

4 - dual Monod biodegradation reaction

5 - radioactive decay reaction

6 - kinetic Henry’s law reaction

7 - precipitation/dissolution reaction

8 - precipitation/dissolution reaction with rates based on free-ion
concentration

JA, JB, JC integer JA, JB, JC are described on page 22. Here these parameters are

IDRXN = 1: Linear Kinetic Reaction

IAQUEOUS integer
IIMMOBILE integer
KD real
KEYWORD character
NUM_TEMPS integer
EQTEMP real
TCOEFF real
RATE real

IDRXN = 2: Langmuir Kinetic Reaction

IAQUEOUS integer
IIMMOBILE integer
DISTCOEFF real
KEYWORD character

specify the nodes at which the currkimetic reaction takes place. If the
reaction takes place throughout thelgem domain simply enter 1 0 0.

The aqueous component number (e.g. 1, 2, etc.) or the agqueous cq
number (e.g. 101, 102, etc.) which corresponds to the sorbing comp

The immobile component numb.g. 1, 2, etc.) which corresponds tq
the sorbed component

Distribution coefficent (kg water / kg rock)

used to

h

mplex
onent

Keyword ‘lookup’ designating a lookup table will be used to describe the

distribution coefficient aa function of temperature.

Number of values (temperatures and distribution coefficients) that W
used to describe KD as a function of temperature.

Temperatures for disution coefficient function ()
Distribution coefficients corresponding to temperatures.

Reaction rate parameter (1/hr)

The aqueous component number (e.g. 1, 2, etc.) or the aqueous cq

il be

mplex

number (e.g. 101, 102, etc.) which corresponds to the sorbing comppnent

The immobile component numb.g. 1, 2, etc.) which corresponds tq
the sorbed component

Distribution cofi€ient (kg water/ moles)

Keyword ‘lookup’ designating a lookup table will be used to describe the

distribution coefficient aa function of temperature.
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Input Variable Format Description

NUM_TEMPS integer Number of values (temperatures and distribution coefficients) that will be
used to describe DISTCOEFRB a function of temperature.

EQTEMP real Temperatures for disution coefficient function §)

TCOEFF real Distribution coefficients f@ISTCOEFF as a function of temperature

RATE real Reaction rate parameter (1/hr)

MAXCONC real Maximum concentration (moles/kg rock)

IDRXN = 3: General Kinetic Reaction

NIMMOBILE integer The number oimmobile components whigbarticipate in the reaction

NAQUEOUS integer The number of aqueous congmis and complexes which participate in
the reaction

NVAPOR integer The number of vapor spesivhich participate in the reaction

KFOR real The forward reaction rate paneter. [(concentration unifsx s, where
p is the sum of the exponents of all concentrations in the forward reaction
minus 1. Thus the units of the reiactrate are (concémtion units)/hr.

KREV real The reverse reaction rate paveter. [(concentration unifsx s, where
p is the sum of the exponents of @hcentrations ithe reverse reactiorn
minus 1. Thus the units of the reiactrate are (concémtion units)/hr.

IIMMOBILE integer The immobile component numbers which correspond to the immobile
reactants and products in the reaction

IMSTOIC real The stoichiometry correspding to each imwbile component
participating in the redion. If positive, the solute is a reactant; if
negative, the solute is a product; an@,ithe solute is not present in the
reaction.

IAQUEOUS integer The aqueous component or aqueous complex humbers which corr¢spond
to the aqueous reactants and products in the reaction

AQSTOIC real The stoichiometry correspondiogeach agueous component or aquegus
complex participating in the reactidfi positive, the solute is a reactant;
if negative, the solute is a product; and if 0, the solute is not present in the
reaction.

IVAPOR integer The vapor component numbers which correspond to the vapor reagtants
and products in the reaction.

IVSTOIC real The stoichiometrgorrespondingo each vapor component participating

in the reaction. Ipositive, the solute is a reactaifinegative, the solute is
a product; and if 0, the solui®not present in the reaction.

IDRXN = 4: Dual Monod Biodegradation Reaction
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Input Variable Format Description

NAQUEOUS integer The number of aqueous speetaish participate in th reaction. At least]
2 aqueous species must participate hbstrate (e.g. organic carbon) and
the electron acceptor (e.g. Oxygedp to 5 agueous species can
participate. The third, fourth arfifith aqueous compamts are either
reactants or products of the biodagmtion reaction. The value entered
for NAQUEOUS determines wheth€OMP3, COMP4, and COMP5
stoichiometries are to be used by the code.

NIMMOBILE integer The number aimmobile components which giipate in the reaction.
For the biodegradation reaction this value is 1.

SUBSTRATE integer The aqueous component numiiiéch corresponds to the substrate (a.k.a
the electron donor) for the biodegradation reaction

ELECACC integer The aqueous component namihich corresporgito the electron
acceptor for the biodegradation reaction

COMP3 integer The aqueous component numidgch correspond® a reactant or
product in the biodegration reaction (e.g. CONHs, H', etc.). Note

that this parameter is option@OMP3 should only be entered if
NAQUEOUS>2.

COMP4 integer The aqueous component numidgch correspond® a reactant or
product in the biodegdation reaction (e.g. CONHz, H*, etc.).Note that

this parameter is optional. COMP4 should only be entered if
NAQUEOUS>3.

COMP5 integer The aqueous component numidgch correspond® a reactant or
product in the biodegradation reaction (e.g,OH;, H', etc.)Note that
this parameter is optional. COMP5 should only be entered if

NAQUEOUS>4.

BIOMASS real The solid componenumber which corresponds to the biomass (this |s
the immobile component).

KS real The Monod half-maximum-rate concentration for the substrate (molgs/ kg
water)

KA real The Monod half-marmum-rate concentratiofor the electron acceptor

(moles/ kg water)

DECAY real First order microbial decay coefficient (Hr

ELECACCSTOIC real The stoichiortrg corresponding tthe electron acceptor. Note that the
stoichiometry of the substrate is 1 by definition.

COMP3STOIC real The stoichiomgtcorresponding to COMP3. A value is always entered
whether or not it is used.

COMP4STOIC real The stoichiomgtcorresponding to COMP4. A value is always entered
whether or not it is used.

COMPS5STOIC real The stoichiomgtcorresponding to COMPS5. A value is always entered
whether or not it is used.
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Input Variable

Format

Description

PHTHRESH

QM
YIELD
XMINIT

NBIOFRM

ICBIO

IDRXN = 5: Radioactive Decay Reaction

HALFLIFE
RXNTYPE

PARENT

DAUGHTER

IDRXN = 7: Kinetic Precipitation/Dissolution Reaction

IMMOBILE

NAQUEOUS
IAQUEOUS

real

real
real

real

integer

integer

real

integer

integer

integer

integer

integer

integer

In may systems, the biodegradation réacivill stop aghe pH becomesg
either too acidic or basic. Thisnpaaneter can be used to stop the
biodegradation reactioonce the simulated pH approaches a certain
value. For example, if PHTHRESHI9, the biodegradation reaction wi
cease if the pH is above 10 in thmslation. Note that PHTHRESH is a
upper threshold for pH.

The maximum specific rate of substrate utilization (moles/kg biomag
The microbial yield coeffient (kg biomass/mole substrate)

In many systems, biomass does detay below a certain concentratior
The biomass concentration is not allowed to fall below XMINIT (molg
kg rock).

Depending on the problem setup, many aqueous complexes can bé
formed from a total aqueous componédnly some of these complexes$

may be biodegradable. This parameter is used to specify which form
total aqueous concentration, the free ion concentration, or various
complex concentrations) of the coament degrade. If NBIOFRM = 0,
the total agueous concentratiortloedé component willlegrade and the
next parameter ICBIO should be omitted.If NBIOFRM = 2, then two
forms of this component degrade. These forms are specified using I¢

Specify the aqueous companammbers (e.g. 1) or aqueous complex
numbers (e.g. 101, 102, etc.) corresponding to the biodegradable fo
the substrate.

Half life (years)

Flag denoting the typeafmponent participating in the reaction:

0 - Solid
1 - Liquid
-1 - Vapor

The number of the component which corresponds to the parent in t
radioactive decay reaction

The number of the component which corresponds to the daughter i
radioactive decay reaction. If themsilation does not ndel the daughter|
product set daughter = 0.

The immobile component numb@.g. 1, 2, etc.) which corresponds to
the dissolving mineral

The number of aqueous sgeevhich participate in the reaction

The aqueous component numbers which correspond to the aqueoy
components which enter into the solubility product expression. Note
the total agueous concentration of the component will dissolve.

s/hr)

.
ps/

Y

]

5 (the

CBIO.

rm of

he

n the

that
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Input Variable Format Description

IMSTOIC real The stoichiometry corpgending to the immobile component
participating in the redion. If positive, the solute is a reactant; if
negative, the solute is a product; anf,ithe solute is not present in the
reaction.

AQSTOIC real The stoichiometry corresmling to the aqueous components
participating in the redion. If positive, the solute is a reactant; if
negative, the solute is a product; an@,ithe solute is not present in the
reaction.

SOLUBILITY real The solubility product. The units of the solubility product depend on the
number of aqueous components participating in the reaction. For
example, if there are two aqueous components participating the units
would be (moleS[kg water]?)

KEYWORD character Keyword ‘lookup’ designating a lookup table will be used to describg the
solubility as a function of temperature.

NUM_TEMPS integer Number of values of temperature and solubility that will be used to
describe solubility as a function of temperature.

EQTEMP real Temperatures for solubility functio€C}

TCOEFF real Solubilities for solubility as a function of temperature.

RATE real Reaction rate parameter (moles7g})

SAREA real Surface area of the mineral #m? rock)

IDRXN = 8: Kinetic Precipitation/Dissolution Reaction (rates based onrkee-ion concentrations)This
model and its input are the samd@sIDRXN = 7 except that the ratesedrased on the free-ion concentration
instead of the total concentration.

In general, the following examples illustrate only portions ofrttre macro and
putting all of these example inputs together will not result in a working FEXM
macro. However, the dissoluticexample (the last exampie this section) provides
an example of a complet&n macro and corresponds tioe first example given for
thetrac macro (page 192). In addition, th&Reactive Transport Example” (Section
9.5) and the Validation Test Plan for the FEHM Application Version 2.30
(10086-VTP-2.30-00) include full example problems with input files which
demonstrate the use ofn. These input files cabe used to see homn fits in with
the other macros. Specifically, the informatiorrxm must be consistent with theac
macro. For example, if a linearretic sorption reaction is invoked loyn, a liquid
component and solid componeanust be specified in thigac macro.

General Reaction Parametersin the following exampléwo aqueous complexes and
four kinetic reactions are specified. Elerliquid components, Co, Fe, and EDTA, two
complexes, CoEDTA and FeEDTA, anddk immobile specieso, CoEDTA and
FeEDTA, are identified. Aqueous components 1 and 3 are coupled during solution
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while 2 is solved independently. Note that group 6 data has been omitted since there
are no vapor species in this example

rxn

** NCPLX NUMRXN ** Group 1

2 4

** GROUP ** Group 2

2

101

010

** IDCPNT CPNTNAM IFXCONC  CPNTPRT CPNTGS i Group 3

1 Co 0 0 1.0e-9

2 Fe 0 0 1.0e-9

3 EDTA 0 0 1.0e-9

** IDCPLX CPLXNAM CPLXPRT  ** Group 4

101 CoEDTA 0

102 FeEDTA 0

** IDIMM IMMNAM IMMPRT Group 5

1 CoEDTA[s] i

2 FeEDTA[s] 0

3 Cobalt[s] 0

** IDVAP VAPNAM 0 Group 6
VAPPRT

Equilibrium Reaction Parameters. Equilibrium speciation reactions modeled by
FEHM can be written in the following general form:

NC
I a,;Cj eX;
1

i=1

X 1)

where Cj is the chemical formula foretaqueous component j, anti is the

chemical formula for the aspous complex iaij is a stoichiometric coefficient

{STOIC} giving the number of moles of component j in compleb\\ljC is the number

of aqueous complexes, aiid is the number of aqueous components. Here is a
simple example of an edibrium speciation reaction.

1A+ bB e A,B, )

where a and b are the stoichioneoefficients of componen#s andB, respectively.
At equilibrium, the concentrations &f, B, andAaBb must satisfy the law of mass

action for this reaction:
A.B>
K = a—b (3)

A B
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where K is the equilibrium constaftKEQ} for the reaction andyq] is the molar

concentration of specie§ The total aqueous concentrations of componArdadB

are given hy:
Upy =

A>+a @B, 4)

U, = B>+b &B,> )
Therefore, the totalqueous concentration, are functions of the uncomplexed
component concentrationgd the complex concentrationdote that the kinetic
reactions discussed in the next sectiom fanctions of the uncomplexed component
concentrations and compleoncentrations with the erption of the radioactive
decay and precipitation/dissdion reaction in which the tal aqueous concentration

is used in the reaction rate law.

The following input describes the equilibrium speciation relations between the total
aqueous components and aqueous corggleRecall that the names of the

components and aqueous complexes are given in Groups 3-6. The skip node option,
ISKIP, is turned off and thiolerance for the speciation solver, RSDMAX, is set to le-
9 which is the recommended value. The stmofetry, STOIC, is specified so that the
components Co and EDTA make up the first complex CoEDTA, and the components
Fe and EDTA make up the second céexpFeEDTA. The equilibrium constants,

CKEQ, for COEDTA and FeEDTA are 1.ed8d 6.31e27, respécely. The enthalpy
change is 0.

** |SKIP ** Group 7

0

* RSDMAX *x Group 8

le-9

** Chemical Information i

* LOGKEQ *x Group 9

0

* CKEQ HEQ ** Group 10

1.0e18 0

6.31e27 0

** STOIC ** Group 11

1.0 0.0 1.0

0.0 1.0 1.0
Below is an example of usg the ‘lookup’ keyword in @ce of CKEQ and HEQ. This
example describes the temperature dependehite equilibrium constant of complex
HCOg3". Note that LOGKEQ = 1 in this examplgo log K is specified in the input
rather than K.

** L OGKEQ *x Group 9

1

*x NUM_TEMPS Group 10

KEYWORD 6

lookup 25 60 100 150 200

0 -6.3447 -6.2684 -6.3882 -6.7235 -7.24
-6.58
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General Kinetic Parameters In FEHM, eight kinetic reaction models are supported.
Additional kinetic subroutines can be added without significant code development.
The following is an example of input folhe general kinetic parameters. A linear
kinetic reaction, IDRXN =1, is specified ascurring at each node in the problem (JA
=1,JB and JC = 0).

** IDRXN ** Group 12
1

**JA JB JC ** Group 13
1 0 0

IDRXN = 1: Linear Kinetic Reaction. The retardation of adtaminants due to
adsorption/desorption can be modeled with a linear kinetic sorption/desorption
expression. The rate of adsorption/desorption of compgnisrdiven by:

m:
= Ky G —Ré)% (6)

where Cj denotes the uncomplexed aqueous concentratiogffAdPUEOUS}, mj

denotes the adsorbedrcentration of specigs{IIMMOBILE} ,km is the mass

transfer coefficienfRATE}, andKD is the distbution coefficient{KD} . As<, O f,

this expression reduces to the lineauidigrium isotherm. The following example
illustrates input for a lineakinetic reaction. In thikinetic reaction, aqueous

component 1 adsorbs to form the immoldtemponent 3. ThKD for the reaction is
5.07 and the mass transfeoefficient is 1.0.

** IDRXN ** Group 12
1

** JA JB JC ** Group 13
1 0 0

**|AQ IMMOBILE ** Group 14
1 3

** KD ** Group 15
5.07

** RATE ** Group 16
1.0

IDRXN = 2: Langmuir Kinetic Reaction. The Langmuir kinetic reaction rate law is
given by:

AX

R = -k UK,_cj ij —m. —m, @)

j mT

where km is the rate constant for desorpti(RATE}, U is the bulk rock density

{DENR}, T is the porositfPOR}. K| is the distribution coefficient

MAX . . .
{DISTCOEFF}, and mj is the maximum conceation that can adsorb onto the
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solid{MAXCONC} . As¢,, O f, this expression reduces to the Langmuir equilibrium

isotherm. Example input for a Langmuimletic reaction follows. In this kinetic
reaction, aqueous complex 101 sorbs to fammmobile component. The distribution
coefficient for the reaction i2.e5 and the mass transfarefficient is 0.05. The

maximum sorbed concémtion is 1.69e-5.

** IDRXN ** Group 12
2

** JA JB JC ** Group 13
1 0 0

** JAQ IMMOBILE ** Group 14
101 1

** DISTCO Group 15
*%

2.0e5 Group 16
** RATE **

0.05 Group 17
* MAXCO

**

1.69e-5

IDRXN = 3: General Kinetic Reaction Many reactions fall under the category of the
general kinetic reaction. EBhreaction is described by a forward rate constant
{KFOR}, a reverse rate constaitREV} , and a set of stoichiometric coefficients.
The form of the general reversible reaction is given by:

Ng + Ny + N + N, Ng + N, + N, + Ny

: Kz, ce : K Z (8)

i=1 k=1

where NC is the number of agqueous cmzrnqants,NX is the number of aqueous

complexes NAQUEOUS= N, +N, },N,,, is the number of immobile components

{NIMMOBILE} , N

v 1S the number of vapor componefittVAPOR}, Iﬁ are

reactant stoichiometric coetfients, K( are product stoicdmetric coefficients, and

N

z; is the chemical formula for specigswvhich may be an uncomplexed aqueous

component, aqueous complex, immobile com@nt or vapor component. The rate law
for a general reversible reactiongs/en by the following expression:

Ng + Ny + Np, + 1Ny N + Ny + Ny, + Ny
— . K
Rz = ;-KKKk — z?—k — Z 9)
i=1 k=1

where z; is the concentration of speciesThe following isexample input for a

general kinetic reaction. Solid componentehcts to form solid components 2 and 3.
The forward reaction rate is 1.26e-2 and theerse reaction rate is 0. Therefore, this
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is an irreversible reaction. Note also tlaly solid componentare reacting so groups
18-21 have been omitted.

** IDRXN **
3

** JA

1

** NIMM

3

*»* KFOR
1.26e-2

*% ”MM **
1

** IMSTOIC
1.0

Group 12
JB JC ** Group 13
0 0
NAQSP NVAPOR * Group 14
0 0
KREV ** Group 15
0.0

Group 16
2 3
*x Group 17
-1.0 -1.0

IDRXN = 4: Dual Monod Biodegradation Reaction Biodegradation is an irreversible
process in which bacteria oxidize an orgasiibstrate to produce energy and biomass.
In addition to biomass, the biodegradationgass requires the presence of an electron
acceptor (e.g. oxygen,tnate, etc.) and nutrients (e.gitrogen and phosphorous). An
example of a biodegradah reaction is given by the following reaction:

Substrate + Electron Acceptor + H Nutrients -> cells + C®+ H,0 + NH;

FEHM models the rate of biodegradation of a substrate with a multiplicative Monod
model, which is given by:
>
Rs = _qmmbK +$$K@‘A@A>
S A

(10)

where [ is the agueous concentration obstrate (a.k.a thelectron donor)
{SUBSTRATE]}, [A] is the aqueous concentiat of the electron acceptor
{ELECACC} , andmy is the concentration of the immobile biomgBsOMASS} .
The parameteq,, is the maximum specific ta of substrate utilizatiofQM}, which

represents the maximum amauwf substrate that can be consumed per unit mass of
bacteria per unit time. The paramet&is{KS} andK, {KA} are the Monod half-
maximum-rate concentrations for teéectron donor andlectron acceptor,
respectively. The rate of microbial growth is given by the synthesis rate (which is
proportional to the rate of substrate degradation) minus a first-order decay rate.

Reells = —YRs—b my—my i

whereY is the microbial yield coefficienfYIELD} and b is the first-order microbial
decay coefficienfDECAY}. In the above equation, the assumption is made that the
background conditions are sufficient to sustain a microbial population of a given size;
therefore, the biomass concentration isaltdwed to fall below its initial background
concentrationrfy, jnir) {XMINIT} . In the following example of input for a dual monod

biodegradation reaction, aqueous comgun3 is the substrate and aqueous
component 4 is the electron acceptor. Not there are only twentries in Group 15

(11)
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and Groups 21-23 are omitted since NAQUE®Y 2. In addition Group 29 data is
left out since NBIOFRM = 0.

** IDRXN ** Group 12
4

** JA JB JC ** Group 13
1 0 0

* NAQSP NIMMOBILE  ** Group 14
2 1

* SUBSTRA ELECACC ** Group 15
3 4

* BIOMASS  ** Group 16
4

** KS ** Group 17
0.201e-3

KA ** Group 18
0.00625e-3

** DECAY ** Group 19
0.0020833

* EASTOIC ~ ** Group 20
3.10345

* COMP3STOIC ** Group 21
0

* COMP4STOIC ** Group 22
0

* COMPS5STOIC ** Group 23
0

* PHTHRSH ** Group 24
8

** QM ** Group 25
8.0226 e-4

** YIELD ** Group 26
44.8732

** XMINIT Group 27
*%

0.0 ** Group 28
* NBIOFRM

0 Group 29
** |CBIO **

IDRXN = 5: Radioactive Decay ReactionRadioactive decay i simple first order
decay process given by:

Ao B (12)
whereA is the parenfPARENT} andB is the daughter produ¢DAUGHTER} . The

half life of the reaction is defined asethime it takes for the concentrationto
decrease by a factor of ih the following example oinput for a radioactive decay
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reaction, aqueous component 2, the panaacts to form aqueowomponent 3, the
daughter product. Thiealf life for the reaction is 432.0 years.

** IDRXN **
5

** JA

1

* HALFLIFE
432.0

** RXNTYPE
1

* PARENT
2

Group 12
JB JC ** Group 13
0 0
*x Group 14
*x Group 15
DAUGHTER  ** Group 16
3

IDRXN = 7: Kinetic Precipitation/Dissolution Reaction A general reaction describing
the precipitation/dissolution of a mineq@afIIMMOBILE} can be written in the
following form:

m, e Ryc + Bict ¥ CR (13)

where the C; are the aqueous concentrat{thQUEOUS} and the FE) are

] i
stoichiometric coefficientfAQSTOIC} . The equilibrium constarfor this reaction is
known as the solubility product. Since the activity of a pure solid is equal to one, the

reaction quotienQIO is defined as follows:
Q= —g" (14)
p —

At equilibrium, Qp is equal to the soluliiyi product. The surfaceentrolled rate of
precipitation/dissolution of a mineral is given by:

s 4
b -

WhereAp is reactive surface area of the mingl@REA}, kIO is the precipitation rate

constanfRATE}, and Ksp is the solubility produ¢8OLUBILITY} . Currently, this

precipitation/dissolution subroutine only allows for the total aqueous concentration of
a component to dissolve. The dissolution of uncomplexed aqueous concentration and
complex concentrations isot currently supported.

o Qus
R m, = sign IogisflIO oKp

The following is example input for a kinetic precipitation/dissolution reaction (calcite
dissolution). This example correspimto the example used for ttrac macro

(page 192). A single kinetieaction is specified witho agueous complexes. The
liguid and immobile components are idergdi Aqueous component 1 participates in
the precipitation/dissolution reaction with immobile component 1. No data is input for
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groups 4, 6, 9, 10, and 11. The solubilitpguct for the reaction is 6.26e-5 and the
reaction rate constant is 100.

rxn

** NCPLX
0

** GROUP **
1

1

** IDCPNT
1

** IDCPLX
** IDIMM

1

** IDVAP

** |SKIP **
0

* RSDMAX
le-13

** Chemical
** LOGKEQ
** CKEQ

** STOIC **
** IDRXN **
7

*%* JA

1

k%

IIMMOBLE
1

*% NAQSP *%
1

*% IAQ *%

1

** IMSTOIC

1

** AQSTOIC
1

** SOLPROD

6.26e-5

** RATE **
100

*% AREA *%
1.0

NUMRXN **
1

CPNTNAM
Calaq]
CPLXNAM
IMMNAM
Ca[s]
VAPNAM

*%

reaction

*%

HEQ *%

JB

*%*

**
*%

**

IFXCONC
0
CPLXPRT
IMMPRT
**

0
VAPPRT

information

JC *%*

CPNTPRT CPNTGS **
0 1.0e-9

*%

*%

Group 1

Group 2

Group 3

Group 4
Group 5

Group 6

Group 7
Group 8
Group 9

Group 10
Group 11

Group 12

Group 13

Group 14
Group 15
Group 16
Group 17
Group 18

Group 19

Group 20

Group 21

IDRXN = 8: Kinetic Precipitation/Dissolution Reaction (rates based onrke-ion
concentrations).The reaction modeled is analogawasthat for IDRXN =7, except
that rates are based on the uncomplexed{fo@) concentrationf the species. The
total concentration is equal to the frie@ concentration + all of the complex
concentrations. For a more detailed dission of the differences between total
aqueous and free-ion concentration, gee“Models and Methods Summary” of the
FEHM Application [Zyvoloski et al. 199%age 37, Equation (79)]. For example, for a
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species such as Cobalt from the mutige problem (see Section 9.5, “Reactive
Transport Example,” on page 257), tinee ion concentration is simply the
concentration of Cobalt in it's uncomplexed state. The total Cobalt would be Free lon
Cobalt + all Cobalt Complexes (e.g. COEDTA from the multisolute verification
problem). Using IDRXN = 7 allows the total Cobalt to dissolve, while IDRXN= 8
allows only the free ion Cobalt to dissolve.

6.2.81 Control statement so{optional)
Group 1- NTT, INTG

Input Variable  Format Default Description

NTT integer 1 Parameter that defintlhe type of solution required
NTT > 0 coupled solution
NTT dO heat transfer only solution

INTG integer -1 Parameter thatfiees element integration type
INTG dO Lobatto (node point) quadrature is used, recommended

for heat and mass problems without stress.

INTG > 0 Gauss quadrature is used, recommended for problems

requiring a stress solution.

The following is an example «fol. In this example, a coupled heat-mass solution
using Lobatto quadrature is specified.

sol
1 -1

6.2.82 Control statement sptr{optional)
Streamline particle tracking is invoked with this control statement.

Group 1 - DTMX, IPRT, IPRTO, RSEEDTPLIM, DISTLIM, LINELIM,
DIVD_WEIGHT

Group 2 - COURANT_FACTOR, IPRTRTENSOR, IREVERS, FREEZ_TIME,
MAX_JUMP

Keywords and their assoceat input are described below. These keywords may be
entered in any order following Group 2, but must be directly followed by any
associated data. All keywords are optibeacept “tprp” which flags input of the
particle transport properties.

Optional keyword “tcurve” is input to indicatthat transfer funatn curves should be
input to model matrix diffusion. It is followed by NUMPARAMS and TFILENAME.

KEYWORD “tcurve”
NUMPARAMS
TFILENAME

Optional keyword “omr” is inptito indicate the grid has octree mesh refinement. It is
followed by the number of refined (OMR) nodes in the grid. An optional keyword,
“file”, which if input is followed by the name of a file from which to read or to write
omr initialization calculation arrays, and the file format. The “file” option should only
be used for particle tracking runs using styatate flow. It should also be noted that
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the file should be re-generated if parameter changes that affect velocity are made
since velocities will not beercalculated if the file exists.

KEYWORD “omr”
OMR_NODES
KEYWORD *“file”
OMRFILENAME
OMR_FORM

Optional keyword “tpor” is input to indate tracer porosity Wibe input and is
followed by tracer porosity Vaes input using JA, JB, Jormat or the keyword “file”
and the name of a file contang the tracer porosity values.

KEYWORD *“tpor”

JA, JB, JC, PS_TRAC (JA, JB, JC - defined on page 33)
-or-

KEYWORD *“tpor”

KEYWORD “file”

TPORFILENAME

Optional keyword “wtdt” to indicate initial particle locations should be moved below
the water table by distance DELTAWT.

KEYWORD “wtdt”, DELTAWT

Optional keyword “volum” to indicate cortdl volumes associatadith computation

of sptr velocities should be written to an output file. These volumes are used with
PLUMECALC to account for th approximate control volurseused for the velocity
calculations on an OMR grid. The “volume” keyword may be followed by the file
format.

KEYWORD “volum”
_or_
KEYWORD “volum”, SPTRX_FORMAT

”ow "o« noow

Optional keywords “po”, “sa”, “pe”, “de”, “@, “te”, “zo”, “id” define parameters to
be output. No data is associated with pagameter output flags. These parameters are
output in the “*.sptr2” file in the order entered.

Optional keyword “xyz” indicates that coordinate data should be included in the
abbreviated ‘*.sptr2’ output file (see IPRTO below).

The optional keyword “zbtc” indicates thlateakthrough curves will be computed for
specified zones. It is followed by NZBTC . and ZBTC. If keyword “alt” follows the
“zbtc” keyword an alternate outpérmat will be used where,

KEYWORD “zbtc”
_or_
KEYWORD “zbtc” “alt”

NZBTC, DTMN, PART_MULT, PART_FRAC, DELTA_PART,
PART_STEPS, TIME_BTC

ZBTC
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Optional keyword “cliff”
Optional keyword “corner”
Optional keyword “capture”
Optional keyword “spring”

Keyword (‘tprp’) specifies thathe particle transport properties will be entered on
subsequent lines. The transport properties input (Group 4) depends on the value of
TPRP_FLAG, the first value input for thatayp. For TPRP_FLAG = 2 or 4, format of
Group 4 input also depends on the form of the dispersion coefficient tensor, as
selected using the flag ITENSOR (Group 2).

KEYWORD “tprp”

TPRP_FLAG = 1:

Group 3- TPRP_FLAG, KD

TPRP_FLAG = 2:

ITENSOR = 1

Group 3- TPRP_FLAG, KD, DM, A1, A2, A3, A4, ASX, ASY, VRATIO
ITENSOR = 2

Group 3- TPRP_FLAG, KD, DM, AL, ATH, ATV, VRATIO

ITENSOR = 3

Group 3- TPRP_FLAG, KD, DM, AH, ALV, ATH, ATV, VRATIO
ITENSOR = 4

Group 3- TPRP_FLAG, KD, DM, AL, AT, VRATIO

ITENSOR =5

Group 3- TPRP_FLAG, KD, AL, ATH, ATV, DM, VRATIO
TPRP_FLAG = 3:

Group 3- TPRP_FLAG, KD, DIFM, RDFRAC, POR_MATRIX, APERTURE
TPRP_FLAG = 4:

ITENSOR = 1

Group 3 - TPRP_FLAG, KD, DIFM, RDFRAC, POR_MATRIX, APERTURE,
DM, Al, A2, A3, A4, ASX, ASY, VRATIO

ITENSOR =2

Group 3 - TPRP_FLAG, KD, DIFM, RDFRAC, POR_MATRIX, APERTURE,
DM, AL, ATH, ATV, VRATIO

ITENSOR =3

Group 3 - TPRP_FLAG, KD, DIFM, RDFRAC, POR_MATRIX, APERTURE,
DM, ALH, ALV, ATH, ATV, VRATIO

ITENSOR =4

Group 3 - TPRP_FLAG, KD, DIFM, RDFRAC, POR_MATRIX, APERTURE,
DM, AL, AT, VRATIO
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ITENSOR = 5not recommended, included for compatibility with older versions of
the code)

Group 3 - TPRP_FLAG, KD, DIFM, RD_FRAC, POR_MATRIX, APERTURE, AL,
ATH, ATV, DM, VRATIO

TPRP_FLAG =11 or TPRP_FLAG =12:

Group 3- TPRP_FLAG, SIMNUM
KEYWORD ffile’
CDF_FILENAME

TPRP_FLAG =13 or TPRP_FLAG = 14:

Group 3 - TPRP_FLAG, SIMNUM
KEYWORD *file’
CDF_FILENAME

or

Group 3- TPRP_FLAG, K_REV, R_MINR_MAX, SLOPE_KF, CINT_KF, AL,
ATH, ATV, DM, VRATIO

Group 4 - JA, JB, JC, MODEL_NUMBER

Group 3 is ended when a blank line is encountered MOG®EL_NUMBERis
incremented each time a Group 3 lingdaad, and Group 4 lines refer to this
parameter.

Group 5- ITM, IST
-or-
Group 5- ITM, IST, COUNT_STEPS_MAX, SPTR_FLAG
Group 6 - NX, NY, NZ
Group 7 - X10, Y10, 7210
Group 8 - XDIM, YDIM, ZDIM
Group 9 - 1JKV(1), X1(I), Y1(I), Z1(l) for I = 1 to NUMPART
Group 9 input is terminated with a blank line.
-or-
Group 9 - KEYWORD *“file”
SPTR_FILENAME

Restart runs for particleacking may be accomplishdxy reading particle starting
locations from a file. A particle restart file is generated by adding the optional
SPTR_FLAG, keyword “save” to group 5.

Note when IST = 0 or 1, Group 10 is usaad place holders are inserted for Groups 7-
9 and NUMPART is equal to the number of particle starting locations that are entered;
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however, when IST = 2, Group 10 is not implemented and Groups 7-9 are used
followed by a blank line. NUMPART equals NX*NY*NZ in this case.

Input Variable

Format

Description

DTMX

IPRT

IPRTO

RSEED

TPLIM

DISTLIM

LINELIM

DIVD_WEIGHT

COURANT_FACTOR

real

integer

integer

integer

real

real

integer

real

integer

Time step control (seconds). FEHMII account for all particles every
abs@tmx)seconds and write information ttoe “.sptr3” file if the “zbtc”
keyword is present. This controls the output density for breakthrough
information only. If you are not ugy/creating breakthrough curves, set
DTMX very large (e.g. 1e20). If DNIX is negative, the time step for
streamline calculations is foed to be abs(DTMX) seconds.

Flag to denote whether individpalticle positions are written at specifi
intervals to the “.sptrl” file. The particle coordinate positions are useq
get a snapshot of the particle plume at various times during the simu

IPRT = 0, No output
IPRT > 0, Output is written to tHesptrl” file every IPRT time steps.

Flag to denote if particleestmline information is written to the “.sptr2”
file. The information is used to drasemplete particle streamlines (for a
relatively small number of particles).

IPRTO = 0, No output

IPRTO > 0, Extended output is written to the “.sptr2” file.

IPRTO < 0, Abbreviated output is written to the “.sptr2” file.

If abs(IPRTO) = 1,output is foratted, abs(IPRTO) = 2 output is
unformatted, and abs(IPRTO) = 3 output is in binary format.

curve

ed
] to
ation.

Random number seed for the random number generator. For compatibility

with earlier versions of FEHM in which this input did not exist, if no va
of RSEED is input, the code assigns a value of 466201.

Minimum amount of time (days) a particle should move before locatid
output. Default is 0 days.

Minimum distance (m) a particle should move before location is outp
Default is 0 meters.

Maximum number of lines that will be written to sptr2 file.

Weight factor for the derivative of the dispersion tensor term. Default
If a value of zero is entered, the derivative term is not used.

Fraction of the distance thitoagcell that a particle moves in a single ti
step. This is used to ensure that theigle, on average, traverses less t
one cell before a random-walk dispersspep is performed. For example
factor of 0.25 indicates #t the particle should take at least 4 time step
move through a cell.

lue

nis

is 1.

me
an

S to
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Input Variable

Format

Description

IPRTR

ITENSOR

IREVERS

integer

integer

integer

Flag for choosing the method for computing concentrations in cells bag
the particle tracking information that will be written to the “.trc” or AVS
output files.

IPRTR S 0, particle concentrationg aomputed as number of particle
residing in the cell divided bthe fluid mass in the cell.

IPRTR < 0, an integral of the particle concentration specified above
made and reported. This integimthe normated cumulative
concentration, which for a steady stéibw field is equivalent to the
response to a step change intigher concentration (note that the
particles are input as a pulse).

Flag indicating the mathematical foiwhthe dispersion coefficient tenso
to be selected.
ITENSOR = 0, No dispersion.
ITENSOR = 1, Generalized form of the axisymmetric tensor, from
Lichtner et al. (2002)

ITENSOR = 2, Axisymmetric form of thdispersion coefficient tensor pf

Burnett and Frind (1987)

ITENSOR = 3, Modified form of the dispersion coefficient tensor of
Burnett and Frind (1987). See Ltder et al. (2002) for details

ITENSOR = 4, Isotropic form of théispersion coefficient tensor of
Tompson et al. (1987)

ITENSOR = 5, Original form of the Burnett and Frind (1987) tensor
implemented in FEHM Version 2.10.

Note: for Version 2.10 and earlier, the variable ITENSOR did not exist.
compatibility with these earlier veosis, when ITENSOR is omitted from
the input file, the code uses the ITENSOR = 5 formulation and the pre-

6

ed on

is

as

For

existing input format. It is recommended that new simulations use ong of

the other tensor formulations (ITENSOR = 1 to 4).

In addition, the sign of ITENSOR issed as a switch as follows: if

ITENSOR < 0, abs(ITENSOR) is the flag, but tHe XD term is not
included in the computation of paite displacementdJnder normal

circumstances, an approximation oétterm’ XD is used in the partic
tracking algorithm tabtain accurate solutioms cases where there are

gradients inD .

Flag indicating if reverse pdsitracking should be performed. If omitte
forward tracking is performed.

IREVERS =0, Standard forward tracking

IREVERS = -1, Forward tracking only after exiting the time loop (thi

needed for comparing rdsuwith reverse tracking)

IREVERS = +1,Reverse tracking.
Note: When using reverse trackingrrtwff the dispersion, ITENSOR =
as it does not make sense to try to reverse the random part of the
displacement. The value for ITENSOR shibe entered to use this optio

=)
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Input Variable Format Description

FREEZ_TIME real If greater than zgrtime (days) at which flow solution is frozen and only
particle transport is computed after that time. If omitted, the flow solution
continues for the entire simulatiovialues for ITENSOR and IREVERS
must be entered to use this option.

MAX_JUMP integer When using random walk, the maximum number of cells a particle ig
allowed to jump in a sirg step. (Default is 10).

KEYWORD character  Optional keyword “tcurve” indicating transfer function curve data should
be input to model matrix diffusion. If the keyword is found then
NUMPARAMS and FILENAME are entedg otherwise they are omitted,

NUMPARAMS integer Number of parameters that define trensfer function curves being used.

TFILENAME character  Name of input file containing the transfer function curve data.

KEYWORD character  Optional keyword “omr” to indicate the grid has octree mesh
refinement. If the keyword is found then OMR_NODES is entered, and
optionally keyword “file” with OMRFILENAME and OMR_FORM,
otherwise they are omitted.

OMR_NODES integer Number of refined (omr) nodes in the grid.

KEYWORD character  Optional keyword “file” indicating that the omr initialization calculation
arrays should be written to or read from a file. This option should only be
used with steday-state flow.

OMRFILENAME character  Name of file from which to read or to write omr arrays.

OMR_FORM character  Format of the omr file, formatted or unformatted.

KEYWORD character  Optional keyword “tpor” to indicat tracer porosities should be read.

PS_TRAC real Tracer porosity

KEYWORD character  Optional keyword “file” indicating that the tracer porosities should be tead
from a file.

TPORFILENAME character  Name of file from whicho read tracer porosity.

KEYWORD character Optional keyword “wtdt”

DELTAWT real Distance below the water table that particles should be started.
KEYWORD character  QOptional keyword “volum” to indicate control volumes should be outpit.
Output is written to the “.sptrx” file.

SPTRX_FORMAT character

File format for control volume output file “formatted” or “unformatted”
Default is formatted.
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Input Variable

Format

Description

KEYWORD

KEYWORD

TPRP_FLAG

SIMNUM

KEYWORD

CDF_FILENAME

KD
DIFM

RD_FRAC
POR_MATRIX

character

character

integer

integer

character*4  Optional keyword ‘file’ desigting the cumulative probability distributign

character*80 Name of the file contaigithe cumulative probability distribution function

real

real

real

real

Optional keywords “po” (porosity), & (saturation), “p” (permeability),
“de” (density), “pr” (pressure), “te” (temperature), “zo” (zone number),
“id” (particle identifier) 1 per line, indicating which parameters will be
output along the particle path (written“teptr2” file). If no keywords are
present no parameter ddata will be outpldgte that in older versions of

FEHM porosity and saturation were output if no keywords were entered.

Keywordprp’ specifying that transport properties are to follow on
subsequent lines.

Flag indicating what type of transport property information is to follo
the line

1- KD only

2 - KD and 5 terms of dispersivity tensor

3 - (Dual porosity) - Matrix KD, diffusion coefficient, retardation fac
in fracture, and fracturaperture. No dispersion

4 - (Dual porosity) - Matrix KD, diffusion coefficient, retardation fac
in fracture, fracture aperture,&b terms of dispersivity tensor

11 - Colloid diversity model with importance sampling, CDF vs

Retardation Factor specified as bléan the optional file specified by

CDF_FILENAME

12- Similar to case 11 above , excdm SQRT(CDF) is used instead
CDF for importance sampling

13- Colloid diversity model with importance sampling, CDRys

(attachment rate constant) specified as a straight line equation
log-log space either on this line iorthe optional file specified by
CDF_FILENAME

14- Similar to case 13 above, exce@ 8QRT(CDF) is used instead d
CDF for importance sampling

W on

tor

tor

in the

=

Simulation number, used for selecting the table/equation from the collloid

diversity file.

function (CDF) retardation parameters for the colloid diversity model
should be read from an external file

(CDF) (entered if optional keywortle’ follows keyword ‘dive’). See
Section 6.2.59 for file formats.

If TPRPFLAG = 11 or 12, Table option

If TPRPFLAG = 13 or 14, Equation option.

The following equations are used Rf,;,, Rl R .6 R.= 1+K; &,

log;o CDF = b+mog, K
Matrix sorption coefficient
Diffusion coefficient applying to matrix diffusion submodelz(ﬂj

Retardatiorattor in fracture media

Matrix porosity (ficture volume fraction is specifiedriock macro)
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Input Variable Format Description

APERTURE real Fracture aperture (m)

AL real Longitudinal dispersivity (m). ITENSOR =2, 4, or 5

ALH real Horizontal longitudinal dispersivityR y (m). ITENSOR =3

ALV real Vertical longitudinal dispersivityQt (m). ITENSOR =3

AT real Transverse dispersivityy} (m). ITENSOR = 4

ATH real Transverse horizontal dispersivitgy (m). ITENSOR =2, 3, or 5

ATV real Transverse vertical dispersivitig, (m). ITENSOR =2, 3, 0r 5

Al real Generalized dispersivity terig (m) from Lichtner et al. (2002)

A2 real Generalized dispersivity teri@ (m) from Lichtner et al. (2002)

A3 real Generalized dispersivity teri@ (m) from Lichtner et al. (2002)

A4 real Generalized dispersivity teriy (m) from Lichtner et al. (2002)

ASX real Direction cosine of the axis of symmetry from Lichtner et al. (2002)

ASY real Direction cosine of the axis of symmetry from Lichtner et al. (2002)

DM real Molecular diffusion coefficient (His)

VRATIO real Parameter to control the movement of particles into low velocity cell§ via
random walk. Used to restrict the artificial migration of particles into low
permeability zones due to dispersion. The value of VRATIO is used as a
ratio for determining if random walk into a new cell is allowed. If the ratio
of the average velocity in the negll divided by the velocity in the
previous cell is less than VRATIO, then the particle is not allowed to
migrate into the new cell. It is retwgd to its previous location, and a new
random walk is computed and applied. Up to 10 attempts at a random walk
are allowed, after which the particle location is left at the current location
for the next advective step.

MODEL_NUMBER integer Number of model (referring to the semee of models read) to be assigned
to the designated nodes or zone.

KEYWORD keyword Optional keywordzbtc specifying that zone bre#tkrough curves will be
computed. Output will be written to the “.sptr3” file. #otc is omitted, so
are NZBTC and ZBTC. Note thatdlzones must be specified iz@ene
macro preceding th&ptr macro in the input file before they are invoked
using the keywordzbtc.

NZBTC integer Number of zones for which breakthrough curves will be computed.
Note that DTMN, PART_MULT, PART_FRAC, DELTA_ PART,
PART_STEPS, and TIME_BTC are optional input. They must be entered
in the order given. When not entered the default values will be used.

DTMN real Time step control (seconds). HE will account for all particles at time

step intervals starting with dtmn seconds and write information to the
“.sptr3” file if the “zbtc” keyword ispresent. This controls the output
density for breakthrough curve information only. (Default DTMX)
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Input Variable Format Description

PART_MULT real Time step multigcation factor. (Default 2.)

PART_FRAC real Fraction of particdehat should break through before checking if time
should be increase(Default 0.1*NUMPART)

DELTA_PART real Fraction of particles that should break through during a time step so t
time step is not increased

PART_STEPS integer Number ofrte steps that should be checked for DELTA_PART befor
increasing the time step

TIME_BTC real Time to start using small breakthrough time steps (DTMN) for late in
breakthrough (days).

ZBTC integer NZBTC zone numbers of the zone(s) for which breakthrough curves
be computed.

IT™M integer Maximum number of time stefisaccomplish the FEHM time step ‘day

IST integer Flag to specify type of input for particles

COUNT_STEPS_MAX integer

SPTR_FLAG

NX
NY

NZ

X10

Y10

710

XDIM
YDIM

ZDIM
LIKV(1)
X1(1)

Y1(1)

Z1(1)
KEYWORD

SPTRFILENAME

character

integer
integer
integer
real
real
real
real
real
real
integer
real
real
real

character

character

IST = 0, local position and corresponding element number (Group 10)

IST = 1, global position (Group 10)
IST = 2, specify a zone of particles (Groups 7-9)

Maximim number of steps a particle is allowed to take in a sptr run.

(Default 2000000) Input of this value is optional. If this value is omitted,

the default will be used. The vaunust precede SPTRLAG if being
used.

Optional keyword “save” to sigihat final particle locations and times
should be written to a file, *.¢1s, for a particle restart run.

Number of divisions in the x-direction
Number of divisions in the y-direction
Number of divisions in the z-direction
X-coordinate of the origin )
Y-coordinate of the origin ()
Z-coordinate of the origingz)

Length of X-direction

Length of Y-direction

Length of Z-direction

Nodeor element number

Starting X-coordinate for a particle
Starting Y-coordinate for a particle
Starting Z-coordinate for a particle

Optional keyword “file” indidafy that the particle starting locations
should be read from a file. If thiddf has been generated by the code us

the “save” keyword in Group 6, particle starting times will also be read.

Name of file from weh to read initial particle locations.

5ing
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The following are examples @&ptr. In the first example 10000 particles are inserted at
the inlet within a single cell, and the brdakiugh curve at a downstream location (defined
in a call tozone) is recorded for the case of longitudinal dispersion with a dispersivity of

100 m and sorption with a KD of 0.0223715. Breakthrough concentration is output every

1.728e8 seconds to the “.sptr3” file.

Groupl
Group 2

Group 3

Group 4

Group 5
Group 6
Group 7
Group 8

Group 9

Groupl
Group 2

Group 3

Group 4

Group 5
Group 6
Group 7

sptr
1.728e8 0 0
0.25 0 5
tprp
2 0.0223715  100. 0 0
1 0 0
zbtc
1
5
1000 2
1 100 1000
0. -1500. 0.
10. 3000 -12.5.
In the second example, both longitudinal and transverse dispersion are invoked, but no
sorption. The solute is input as a patch on thet face of the model. The dimensions of the
patch will be 3,000 m in the-direction and 12.5 m in the verdl direction, starting at the
surface, and 100000 particles are injected. Bmgenerate a steady state concentration
plume is output in the “.trc” file.
sptr
2.88e7 0 0 0
0.25 0 5 0
tprp
2 0. 100. 0.1 0.1 0. -l.e-10
1 0 0 1
1000 2
1 100 1000
0. -1500. 0.
10. 3000. -12.5.

Group 8
Group 9
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The third example uses the colloid diversity model with importance sampling
specified as an equation using an externplit file, using the third set of parameters
in the rcoll_eqgn.dat, with the file rcoll_eqn.dat as:

Colloid diversity model equation parameters

11.5641426E-5 1.0 63933.785 0.708A D40E+0 100. 10. 0.1 5.e-12 0.1
2 1.1755084E-3 1.0 851.69573 0.767A80E+0 100. 10. 0.1 5.e-12 0.1
3 1.0417102E-5 1.0 95996.984 0.743BB0E+0 100. 10. 0.1 5.e-12 0.1

100 2.0808208E-4 1.0 4806.7954 0.62846040E+0 100. 10. 0.1 5.e-12 0}1

sptr

1.728e8 0 0 0 Groupl

0.25 0 5 0 Group 2

tprp

13 3 Group 3

rcoll_eqgn.dat

1 0 0 1 Group 4

zbtc

1

5

1000 2 Group 5

1 100 1000 Group 6

0. -1500. O. Group 7

10. 3000. -12.5. Group 8
Group 9
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The fourth example uses the colloid diversitodel with importance sampling specified as
an equation with parameters input in the sptr macro

sptr

1.728e8 0 0 0 Groupl

0.25 0 5 0 Group 2

tprp

13 le5 1e9 1. 5 l.e9 200. | Group 3

(continued from previous line) 1. 0.01 5.e-12 0.0

1 0 0 1 Group 4

zbtc

1

5

1000 2 Group 5

1 100 1000 Group 6

0. -1500. O. Group 7

10. 3000. -12.5. Group 8
Group 9

6.2.83 Control statement stegoptional)

The macrosteais used to manage steady state simulations and is available with all
physics modules in FEHM. The macro die@tEHM to monitor changes in variables
from timestep to timestep and stop the stestéye run when the anges are less than
some prescribed tolemae. Alternatively thesteady state run is dicted to finish when
the global “in” and “out” fluxes are less thanprescribed tolerance or the simulated
time exceeds the input value.

After the steady state portion of the simulation is completed, a transient run may be
performed. This is accomplished with theun macro and the key word “tran”. See
the description of thboun macro for details.

The user should be aware that whee thtea” macro is used, the parameters
associated with the “time” magmpertain to the transient goon of the simulation if a
transient part exists. Values for these pagters may be input using a keyword but if
not entered will default to the lees specified for the time macro.
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Group 1 - KEYWORD, VALUE

Input Variable Format Description
KEYWORD character The following keywords are useth steady to specifthe variables to be
checked for steady state:
shea - Head (m)
spre - Pressure (MPa)
stem - Temperatured)
ssat - Saturation
sair - Partial pressure of air/gas (MPa)
sflu - Mass flux (kg/s)
sent - Enthalpy (MJ/s)
stim - Maximum time for stedy state simulation (days)
sday - |Initial time step size fateady state sintation (days)
smul - Time step multiplication factor
smst - Minimum number of time steps to be used for steady state
simulation
snst - Maximum number of time steps to be used for steady state
simulation
shtl - Option to reduce the heatol factor as the solution
approaches steady-state
stmc - Option to reduce the machitméerancs factor (tmch) factor
as the solution appaches steady-state
sacc - Maximum change allowed ithe accumulation term when
flux is being checked
sper - The tolerance is interpreted as a fractional change in the
variable being checked [i.e., (hew_value - old_value)/old_value]
Without this keyword it is an absolute change in the variable value.
endstea- Signifies end of keyword input, a blank line will also work
VALUE real Variable tolerance or time control parameter value.

In the following example a sady state solution is specifietihe tolerance for head is
specified to be 0.1 m and for flux 0.00001kg/s. The steady state solution will be
allowed to run for a maximum of 1.e12 days and the time step multiplier is set to 2.

stea

shead 1.0-1
stime l.el2
smult 2.
sflux 1.d-5
end

6.2.84 Control statement stogrequired)

No input is associated with this control statent. It signals thend of input, and as
such it always appears as the last line of an input deck.

6.2.85 Control statement strqoptional)

The solid mechanical deformation moduldnsoked with this control statement.
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Group 1- ISTRS, IHMS
Group 2- KEYWORD

The remaining input is entered in subgroups defined by additional keywords. These
keywords are all optional unless otherwise noted, but the user should be careful to
ensure the problem is completelyfihed with the keywords selected.

Input associated with KEYWORDS is shown below and described in more detail in
the following table. Unless otherwisgecified, blank lines are not permitted.

KEYWORD “excess_she”

FRICTION_OUT, STRENGTH_OUT, PP_FAC_OUT

KEYWORD “permmodel”

IPERM, SPMF1, SPMF2, ... SPMF13

(as many models as needed,onelpe, terminated by a blank line)
JA, JB, JC, MODEL_NUMBER (JA, JB, JC-defined on page 33)
KEYWORD *“elastic”

JA, JB, JC, ELASTIC_MOD, POISSON

KEYWORD *“nonlinear”

NONLIN_MODEL_FLAG

If the value of NONLIN_MODEL_FLAG = 1 then this model is for linear dependence
on temperature of Young'sadulus and Poisson’s ratio:

E_INI, DEDT, POISSON_INI, DNUEDT

Else, if the value of NONLIN_MODEL_IEAG = 91then a table lookup is used:
YOUNG_TEMP_FILE

KEYWORD *“plastic”

NUMPLASTICMODELS

The following are repeated NUMPLASTICMODELS times

PLASTICMODEL, MODULUS, NU, [PLASTICPARAM1, PLASTICPARAM2]
JA, JB, JC, MODELNUMBER

KEYWORD *“biot”

JA, JB, JC, ALPHA, PP_FAC

KEYWORD *“stressboun”

SUB-KEYWORD ‘distributed or ‘lithostatic (optional)

or

SUB-KEYWORD ‘lithograd SDEPTH GDEPTH (optional)

JA, JB, JC, BOUNVAL, KQ

KEYWORD “tolerance (required)

STRESS_TOL

KEYWORD “end strs” (required)
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The input is terminated with keyworand str§ or “endstrs.

KEYWORD “end strs” or “endstrs”

KEYWORD “initcalc”

KEYWORD “bodyforce”

KEYWORD *“reldisp”

KEYWORD “stresspor”

KEYWORD “fem”

KEYWORD “principal”

KEYWORD “strainout”

Input Variable Format Default Description
ISTRS integer State of stress
ISTRS = 0- skip stress solution
ISTRS = 1- plain strain and 3-D solution
ISTRS = 2- plain stress solution (must be 2-D)
IHMS integer Identify the amount and frequency of coupling between TH

M parts of the code
IHMS = -1- stress solved only at the end of the TH (flow
simulation

IHMS = -2 - stress solved at thedianing and end of the TH

(flow) simulation (useful for establishing a
lithostatic load

IHMS = -3 - stress solved after each @step of the TH (flow
simulation

IHMS = -4 - stress solved after a tistep of the TH (flow)
simulation as determined automatically by th
code (not fully implemented)

IHMS = 1- stress solved fully coupled with the TH (flow
simulation

IHMS = 2- stress solved sequentially coupled with the T
(flow) simulation

End ofstrs input.

Initiate an initial stress calculation that is useful for
establishing lithostatic stress.

Sets a body force if gravity is non zero. Force is calculated

using the rock density information provided in thek macro

Use relative displacement the calculation of volume
strains, permeability models, and output.

Explicitly update the porosity after each time step.

Use the Finite Element mobhls for forming displaceme
equations, and calculating stresses. Although optional
strongly recommended that this keyword be included.

For stress output to the files generated bydiwt macro,
output the principal stress values and the orientation @
axis.

Create a file, strain.out, containing

X, ¥, z, node numberkd, K, B, K. K, B

and

~

H

—

L itis

f the
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Input Variable Format Default Description

KEYWORD “excess_shear”

FRICTION_OUT real
STRENGTH_OUT real
PP_FAC_OUT real

KEYWORD “zone’

KEYWORD “permmodel”

Input:
SPM1F real
SPM2F real
SPM3F real
SPM4F real

SPM5F real

Changes are linear in stress up to theguilesd maximum change. Tensile stres
a given coordinate direction affects {hermeabilities in the other two directions,

iperm, spmlf, spm2f, spm3f, spm4pm>5f, spm6f, spm7f, spm8f,spmof

For stress output to the files generated byctire macro, out

put the excess shear stress andittection of the failure plane

given in the equation below, as well as the Young’s modulus

_ 1 eff ff 2 1le 1 ef ff
@cessmax_é\fi_\g +1 _é Plfv'\g _S(P

and V"' = V-PP_FAC~PORE PRESSUF. WhereW, ... is

the excessshealy ang edne maximum and minimum

principal stressesP is the céiefent of friction, ands, is

the shear strength. The angkbetween this plane and th
orientation of the maximum principal stress is given by

-1
tan 2E = b
Coefficient of friction
Cohesion

Pore pressure factor similarBiot's coefficient in the ‘biot’
macro.

The format and inputs for this are described inzbee

macro. Inclusion ofonemacros within the strs macro are

allowed to facilitate inputssociated with the following
keywords.

This keyword identifiegshe stress or displacement
dependent permeability model. The permeability mode
can be invoked in a fully coupled, sequentially coupled
or explicitly coupled manner.

Minimum tensile stress (x direction) for damage to occur.
Minimum tensile stress (y direction) for damage to occur
Minimum tensile stress (z direction) for damage to occur
Damage factor for elastic modulus in x direction.

Damage factor for elastic modulus in y direction.

IPERM integer 1 Specifies the type of permeability model used, input parameters
specified on this line changeminding on the model selected.

IPERM = 1 Equivalent to no stress permeability model

IPERM = 2 Stress permeability model dependent oniterséress in the coordinate directions.

5in
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Input Variable Format Default Description

SPM6E real Damage factor for elastimodulus in z direction.

SPM7E real Maximum factor for x-permeability.

SPMS8F real Maximum factor for y-permeability.

SPM9F real Maximum factor for z-permeability.

IPERM = 22 Mohr-coulomb failure criteria on the plathat maximizes the excess shear. Here z-
prime is along the normal to the plane of failure, and y-prime is along the plane of
median principal stress. Input:
iperm,spmlf,spm2f,spm3f,spm4f,spfrepm6f,spm7f, sm8f,spm9f,spmfl0

SPM1F real Friction coefficient of skar in the fault plane.

SPM2F real Shear strength of the fault plane.

SPM3F real Factor in effective stress calculation where

effectivestresss V- ppfac “porepressure

SPMA4F real Range of excess shear stress over which damage is ramped

SPM5F real Maximum multiplier for young's modulus in x-prime directjon.

SPM6F real Maximum multiplier for young's modulus in y-prime directjon

SPM7F real Maximum multiplier for young's modulus in z-prime directjon

SPMS8F real Maximum multiplier for permeability x-prime direction.

SPM9E real Maximum multiplier for permeability y-prime direction.

SPM10F real Maximum multiplier for permeability z-prime direction.

IPERM = 91 Table input from a file

FILENAME character Name of the file with permeability model factors. The file has

the following format:

Line 1: # of rows in the table

Lines 2 through (# of rows)+1: stress, x-factor, y-factor, z-fac-
tor

KEYWORD “elastic” For linear elastic material.

ELASTIC_MOD real Young’'s modulus. (MPa)

POISSON real Poisson'’s ratio.

KEYWORD “nonlinear”
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Input Variable Format Default Description

NONLIN_MODEL_FLAG integer If NONLIN_MODEL_FLAG =1 then this model is for linear
dependence on temperature of Young’s modulus and Poisson’s
ratio. Input: E_INI, DEDT, POISSON_INI, DNUEDT

If NONLIN_MODEL_FLAG= 91 then a table lookup is
used:. Input: YOUNG_TEMP_FILE

E_INI real Value of Young’s modulus at the reference temperature (MPa).
DEDT real Derivative of Young’s modus with respect to temperature
(MPaFPC)
POISSON_INI real Value of Poisson’di@at the reference temperature.
DNUEDT real Derivative of Poisson’s ratio Wi respect to temperature (per
OC)
YOUNG_TEMP_FILE character Name of the file with nonlinear model values. The file has the

following format:

Line 1: # of rows in the table (nentries_young)
Lines 2 through (# of rows)+1: temperature, young’s modulus,
poisson’s ratio

KEYWORD “plastic”
NUMPLASTICMODELS integer Number of plastic models.

PLASTICMODEL real Plastic model number
If PLASTICMODEL = 1 Isotropic, linear elastic solid
If PLASTICMODEL = 2 von Mises model
PLASTICPARAML1 and PLASTICPARAM?2 are only enteted
for the von Mises model.

MODULUS real Young’s modulus in the elastic region (MPa).
NU real Poisson’s ratio in the elastic region.
PLASTICPARAM1 real Yield stress for von Mises model (MPa).
PLASTICPARAM2 real 0. Currently not used.

KEYWORD *“biot”

ALPHA real 0 Volumetric coefficient of thermal expansion (&)

PP_FAC real Factor multiplying the pore pressure coupling term in the
stress-strain relations, given by

V=D " -H ~ TD-PP_FAC"'PI
Where the symbols have the usual meanings.
KEYWORD “stressboun” Enter boundary conditions féhe mechanical deformation

equations. These can be a conation of specified values
of displacements, stresses, or forces.
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Input Variable

Format

Default Description

SDEPTH

GDEPTH

BOUNVAL

KQ

STRESS_TOL

SUB-KEYWORD ‘distributed

SUB-KEYWORD 'lithostatic

real

real

real

integer

KEYWORD “tolerance (required)

real

SUB-KEYWORD 'lithograd’ SDEPTH GDEPTH BOUNVAL and KQ are interpreteds the stress gradient an

0

0

0

Distribute the applied force in proportion to areas of th
members of the zone to wdh the force is applied.

BOUNVAL and KQ are interpreed as multipliers of the

lithostatic stress and the stress direction. The lithostati
stress is always in the vertl (downward) direction. The
z-axis is taken to be positive upwards. In the macro the

direction of gravity must be set to 3.

stress direction. The parametsdepth and gdepth are read

the same line as lithograd, and thetkdjagonal component pf

the stress at any node is caltethas follows, where z is the
vertical coordinate of the node (see Figure 3)
STRESS KQ= SDEPTH+ QEPTH-Z BOUNVAL

Depth (m) of the reference level from the free surface of
earth corresponding to thevkd specified by GDEPTH, i.e.,

e

o

on

the

model elevation of GDEPTH meters is equivalent to SDEPTH

meters depth.

In the coordinate systentloé model, the z coordinate of th
reference level.

This is a fixed displacemerspecified stressr specified forc
depending on the value of KQ and optional keywords.

D

No keyword, and kq > 0 : prescribed displacement (m) in the

kq direction

No keyword and kq < 0 : applied stress (MPa) in the kq
direction

Keyword = ‘lithograd’ and kq > O : the stress gradient (M
m) in the kq direction

Keyword = ‘distributed’ and kq @ : prescribed force (MN)
the kq direction.

Parameter that determines the type of boundary conditio
kg = 1 or -1: prescribed value in the x direction
kg = 2 or -2: prescribed value in the y direction
kg = 3 Or -3: prescribed value in the z direction

The tolerance for solution of the stress equations
STRESS _TOL >0 STRESS_TOL is the reduction of initig
residual of the stress equations

STRESS_TOL <0 STRESS_TOL is the required absolute

Pa/

=

>

value of the residual adhe normalized equations
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Z gravity

A

_

SDEPT&

Reference

Level = T T T A T A
GDEPTH |
z

Figure 3. Schematic illustratingaraibles for ‘lithograd’ option.

In the 3D example below, the option to explicitly couple stress with heat-mass
equations is invoked. Initial stresses ahisplacements are calculated, a body force
due to gravity is applied, optional strain output is activated, computations are
performed using the finite element module, material is specified to be elastic, with
temperature dependence of Young's modulus and Poisson's ratio specified in a file
called "EvsT.txt", linear coefficient of theral expansion 1.4e-5/0C, Biot's coefficient
equal to 0. Zone 3 is pinned in all 3 directs, zones 4 And 5 are constrained in the X
direction, and zones 6 and 7 are constrdimethe Y direction. Tolerance for the

stress solution is set to 1.e-3.

strs

1-3

initcalc

bodyforce
strainout

fem

elastic
1001.59e40.25

nonlinear

91

EvsT.txt

biot
1005.4e-50.

Zzone
2 1top,Z=300
-1.e+15 +l.e+15 +1.e+15 416 -1.e+15 +1.e+15 +1.e+15 -l.e+l5
+1.e+15 +1.e+15 -1.e+16e+15 +1.e+15 +1.e+15 -1.e+15 -1.e+1
300.01 300.01 300.01 300.01 299.99 299.99 299.99 299.99

OT
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3 ! bottom, Z=0
-l.e+15 +1.e+15 +1.e+15 116 -1.e+15 +1.e+15 +1.e+15 -l.e+1l5

+1.e+15 +1.e+15 -1.e+15 -1.e+15 +1.e+15 +1.e+15 -1.e+15 -1.¢+15

0.10.10.10.1-0.1-0.1-0.1-0.1

stressboun
-300 0. 3

stressboun
-300 0. 2

stressboun

-300 0.1

zone
4 ! back X=20
19.99 20.01 20.01 19.99 19.99 20.01 20.01 19.99
+1.e+15 +1.e+15 -1.e+1be+15 +1.e+15 +1.e+15 -1.e+15 -1.e+1
300.01 300.01 300.01 300.01 -1. -1. -1. -1.
5 I'front X=0
-0.01 +0.01 +0.01 -0.01 -0.01 +0.01 +0.01 -0.01
+1.e+15 +1.e+15 -1.e+1be+15 +1.e+15 +1.e+15 -1.e+15 -1.e+1
300.01 300.01 300.01 300.01 -1. -1. -1. -1.

OT

Ol

stressboun
-400 0.1

stressboun
500 0.1

zone
6 !right, Y=0
-l.e+15 +1.e+15 +1l.e+15 116 -1.e+15 +1.e+15 +1.e+15 -1.e+15
0.01 0.01 -0.01 -0.01 0.01 0.01 -0.01 -0.01
300.01 300.01 300.01 300.01 -1. -1. -1. -1.
7 !left, Y=60.

-l.e+15 +1.e+15 +1l.e+15 416 -1.e+15 +1.e+15 +1.e+15 -l.e+[l5
60.01 60.01 59.99 59.99 60.01 60.01 59.99 59.99

300.01 300.01 300.01 300.01 -1. -1. -1. -1.

stressboun
600 0. 2

stressboun
-700 0. 2
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tolerance
-1.e-3
end stress

6.2.86 Control statement subn{optional)

Create a nevilow macro to represent boundary cdanzhs on an extracted submodel.

Group 1 -

KEYWORD, IZONE1, IZONE2

Input Variable Format

Description

KEYWORD character*4

IZONE1 integer

IZONE2 integer

Keyword “flux”, “head”, or “pi& to specify type of boundary condition tp

output.

Zone defining submodel nodes.

Zone defining nodes outside of the submodel (optional).

In the following example a submodel containing all nodes in zone 2 is defined, and all
nodes in zond are excluded.

subm
pres

The zone macro used for this example is as follows:

zone

ocooor

100.0

20.0
20.0
20.0
20.0

100.0
100.0

100.0

30.0
30.0
20.0
20.0

100.0
100.0
100.0
100.0
100.0

20.0
20.0
30.0
30.0

100.0
100.0
100.0

30.0
30.0
30.0
30.0




FEHM V3.1.0 Users Manual

100.0 100.0 100.0 100.0
99.0 99.0 99.0 99.0
3

60.0 90.0 90.0 60.0
60.0 90.0 90.0 60.0
60.0 60.0 90.0 90.0
60.0 60.0 90.0 90.0
1.0 1.0 1.0 1.0
0.0 0.0 0.0 0.0

The code produces thelfowing “flow” macro output for this example:

flow Boundary Conditions Output: FEHM V2.21sun 03-07-26 7/29/2003 10:47:50
336 336 1 143112776 1.0 1.0E+02 # 22.5000 27.5000 100.000
337 337 1 142620726 1.0 1.0E+02 # 27.5000 27.5000 100.000
358 358 1 143081773 1.0 1.0E+02 # 22.5000 22.5000 100.000
359 359 1 142601577 1.0 1.0E+02 # 27.5000 22.5000 100.000

6.2.87 Control statement szna or naploptional)

Group 1- 1CO2D
Group 2 - TREF, PREF
Group 3- DENNAPL, VISCNAPL

Input Variable Format Description
ICO2D integer Determines the type of air module used.
ICO2D =1, 1 degree of freedom solution to the saturated-unsaturated
problem is produced. This formulation is similar to the Rlchard’s
Equation.
ICO2D = 2, 1 degree of freedom solution is obtained assuming only gag
with no liquid present.
ICO2D = 3, full 2 degree of freedom solution.
All other values are ignored. The default is 3.
TREF real Reference temperature for propertiggy.(
PREF real Reference pressure for properties (MPa).
DENNAPL real NAPL density (kg/m).
VISCNAPL real NAPL viscosity (Pa s).

The following is an example &zna In this example, a fu2-degrees-of-freedom

solution is specified witla reference temperature foroperty evaluation of 2@ and
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a reference pressure of 0.1 MPa. The NAPL density is 8003kgmh the viscosity is

5.e-3 P&.
Szna
3
20. 0.1
800. 5.e-3

6.2.88 Control statement texioptional)
Group 1- WDD1

Input Variable Format Description

WDD1 character*80 Line of text. A maximum of 8Baracters per line aretened. Text is input

until a blank line is inserted to sigrtak end of the control statement. This
text is written to the output file (iout).

The following is an example daéxt

text

This 2-d model of the PACE problem will be used to study thermal effects.
user # = -20 to get waste packages

6.2.89 Control statement thiqoptional)
Input for variable thickness for two-dimensional problems.
Group 1 - JA, JB, JC, THIC (JA, JB, JC - defined on page 33).

Input Variable Format Description
THIC real Thickness of the model domain in the third dimension ().
Default is 1.

The following is an example dhic. In this example, the thickness for all nodes is set
to 10 m, after which the nodes defined by zone 2 are set to 5 m. Thus, the thickness is
10 m everywhere except zone 2, where thickness is 5 m.

thic
1 0 0 10.
-2 0 0 5.

6.2.90 Control statement timgrequired)
Time step and time of simulation data.
Group 1 - DAY, TIMS, NSTEP, IPRTOUT, YEAR, MONTH, INITTIME
Group 2 - DIT1, DIT2, DIT3, ITC, DIT4 (as needed)

DAY should be larger than DAYM defined in control statementrl. The code
proceeds to the next contrelatement when a blank ling encountered for Group 2.
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6

Group 2 can be used to generate output at specific times (with multiple Group 2s).
Contour plot output will bevritten at each DIT1 regaleks of the input in control
statementont. The restart file will be written (or rewritten if one already exists) at
each DIT1. If DIT4 is omittd (for compatibility with otler input files where DIT4
was not input) the maximum time step defined in the control statectenwill be

used.

Input Variable Format Description

DAY real Initial time step size (days).

TIMS real Final simulation time (days).

NSTEP integer Maximum numbef time steps allowed.

IPRTOUT integer Print-out interval for nodal infoation (pressure, enttml etc.), as set up
under control statement node. (i.e., number of time steps).

YEAR integer Year that simulation starts.

MONTH integer Month thasimulation starts.

INITTIME real Initial time of simulation (days). For compatibility with older versions, if
this parameter is absent the initial time of simulation will be 0 if no resfart
file is used, or the time in the restart file if one is used.

DIT1 real Time (days) for time step change.

DIT2 real New time step size (days). If DI then ABS (DIT2) is the new time
step multiplier.

DIT3 real Implicitness factr for new time step.

DIT3 d1.0 backward Euler.
DIT3 > 1.0 for seconarder implicit scheme.
ITC integer New print-out interval.
DIT4 real Maximum time step size for next time interval (days).

The following is an example dfme. In this example, the initial time step size is 30
days, the final simulation time is 3650 days, the number of time steps allowed is 20,
nodal information is printed out for every 5th time step, the simulation starts in the
10th month of 1989, and the initial time of simulation is assigned a value of 0. The
time step multiplier is changed after 1 day, and the new time step multiplier is 1.2,
backward Euler is used from this time on and the printout interval is every 10th time

step. The maximum time step size for the next interval is omitted so the default value

entered in thetrl macro will be used.

time
30.0 3650.0 20 5 1989 10 0.0
1.0 -1.2 1.0 10

6.2.91 Control statement tragqoptional)

Group 1 - KEYWORD ‘userc’, ANO, AWC, EPC, UPWGTA
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Optional keyword “file” is used to specify ¢lname of the data file that will contain
input for the userc subroutine.

KEYWORD ‘file’
USERC_FILENAME
or
Group 1- ANO, AWC, EPC, UPWGTA
Group 2 - DAYCS, DAYCF, DAYHF, DAYHS
Group 3 - I|IACCMX, DAYCM, DAYCMM, DAYCMX, NPRTTRC
Group 4 - KEYWORD ‘tpor’
Group 5- JA, JB, JC, PS_TRAC (JA, JB, JC - defined on page 33)

Tracer porosity is entered only if the Gmpd keyword (‘tpor’), which specifies tracer
porosity input, is present, otheise Groups 4 and 5 are omitted.

Group 6 - NSPECI
Group 7 - KEYWORD ‘Idsp’

The Group 7 keyword (‘ldsp’) specifies longitudinal / transverse dispersion should be
used. If X, Y, Z dispersion is desired Groudps omitted, and dispersivities are input

in X, Y, Z order in Group 9 or Group 12. Whé&mgitudinal / transverse dispersion is
invoked the Z-components of dispersivity are omitted from the Group 9 or Group 12
input, and X and Y represent longitudinalkdamansverse dispesi respectively. Note

that an “L” or “V” added to the Group 9 @roup 12 variable names (MFLAG, SEHDIFF,
TCX, TCY, TCZ, IADSF, ALADSF, A2ADSF, BETADF, DIFFM) indicates the value is for
the liquid or vapor phase, respectively.

Group 8 - KEYWORD ‘dspl’ or ‘dspv’ or ‘dspb’

The Group 8 keyword specifies that the sadiféusion coefficient and dispersivities
are to be used for all species of the sappe t(liquid and/or vapor). This will make the
calculations more efficientral thus should be used if applicable. If Group 8 is
omitted, Groups 9 and 10 are also omitted, and input resumes with Group 11.

If only liquid species are psent (keyword ‘dspl’) or dg vapor species are present
(keyword ‘dspv’) with no longitudinal / transverse dispersion, Group 9 is defined as
follows:

Group 9- MFLAG, SEHDIFF, TCX, TCY, TCZ

Otherwise if both liquid and vapor are preséteyword ‘dspb’), parameters for both
must be entered.

Group 9- MFLAGL, SEHDIFFL, TCLX,TCLY, TCLZ, MFLAGV, SEHDIFFV,
TCVX, TCVY, TCVZ

Groups 9 is used to define transportdats for which diffusion and dispersion
parameters are identical. Group 9 is r@adntil a blank line is encountered. The
model number is incremented lyeach time a line is read.

Group 10 - JA, JB, JC, ITRCDSP (JA, JB, JC - defined on page 33)
Group 11 - ICNS [SPNAM]

There are two options for group twelve. If the same diffusion coefficient and
dispersivities are to be used for all spea@éshe same type (liquid and/ or vapor -
keyword ‘dspl’, ‘dspv’, or ‘dspb’) only sorption parameters are input:
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Group 12 -IADSF, A1ADSF, A2ADSF, BETADF
or for a Henry’s Law Species (both liquid and vapor)

Group 12 - IADSFL, A1ADSFL, A2ADSE, BETADFL, IADSFV, A1ADSFV,
A2ADSFV, BETADFV

In the absence of a Group 8 keyword (“dsfdspv’, or ‘dspb’) the following input
(for liquid or vapor) which includes the gion and dispersion parameters is used:

Group 12 - IADSF, A1ADSF, A2ADSF, BEADF, MFLAG, DIFFM, TCX, TCY,
TCZ

For a Henry’s Law Species (both liquid and vapor) if DIFFMILO

Group 12 - |IADSFL, A1ADSFL, A2ADSFIBETADFL, MFLAGL, DIFFML, TCLX,
TCLY, TCLZ, IADSFV, A1ADSFV,A2ADSFV, BETADFV, MFLAGYV,
DIFFMV, TCVX, TCVY, TCVZ

Group 13 - JA, JB, JC, ITRCD (JA, JB, JC - defined on page 33)

Group 14 - HENRY_MODEL, HAWWA(1), HAWWA(2), HAWWA(3),
HAWWA(4), HAWWA(5) (only input for a Henry’s Law species,
otherwise omitted)

Group 15 - JA, JB, JC, ANQO (JA, JB, JC - defined on page 33)
Group 16 - JA, JB, JC, CNSK, T1SK, T2SK (JA, JB, JC - defined on page 33)

Groups 11, 12, 1314, 15, and 16 are entered as # tor each solute. However, for a
solid species, only groups 11, 15, and 16 are entered (groups 12, 13, and 14 are not
applicable for a solid speciesGroups 12 and 13 are used to define transport models
for which sorption, diffusion and dispersigarameters are identical. For a liquid or
vapor species, only one set of Group 12 parameters should be entered per region.
However, for a Henry’'s Law species, two sets of parameters per region must be
entered. For this case, the liquid sorption parameters should be entered on the first line
and the vapor sorption parameters on a sedimedor as a continuation of the first

line. Group 12 is read in until a blank line is encountered. The model number is
incremented by 1 each time a line is re@doup 13 then assigns a transport model
number to every node.

Injection nodes must be spéed in control statemerftow.

Input Variable Format Description

KEYWORD character*5  Keyword for invoking a solut@nsport user subutine. If the word
‘userc’is placed in this poon, then the code invals a solute transport
user subroutine at each time step. Onig kiey word if there is no solute
user subroutine for the simulation.

KEYWORD character*4  Optional keyword ‘file’ deghating the name for the user subroutine
input transport parameter file whke input. If this keyword and the
following line are omitted, the default name will be ‘userc_data.dat’.

USERC_FILENAME character*80 Name of file from whitdread transport parameters for optional use
subroutine.

-

ANO real Initial solute concentration,tsa all nodes for all species unless
overwritten by a restart file input @alues in group 14 below (moles/kg
fluid).
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Input Variable Format Description

AWC real Implicitness factor for solute solution.
AWC > 1.0 gives 2nd order solution
AWC d1.0 gives 1st order solution

EPC real Equation tolerance for solute solution. When the square root of the sum
of the squared residuals is lower than EPC, the solution is assumed to be
converged.

UPWGTA real Upstream weightingrta for the solute solution.

UPWGTA < 0.5 UPWGTA is set to 0.5
UPWGTA > 1.0 UPWGTA is set to 1.0

DAYCS real Time which the solute solution is enabled (days).

DAYCF real Time which the solute solution is disabled (days).

DAYHF real Time which the flow solution is disabled (days).

DAYHS real Time which the flow solution is enabled (days).

IACCMX integer Maximum number of iterations allowed in solute solution if time step

multiplier is enabled

DAYCM real Time step multiplier for solute solution

DAYCMM real Initial time step for solute solution (days)

DAYCMX real Maximum time step for solute solution (days)

NPRTTRC integer Print-out interval for solute information. Data for every NPRTTRC

solute time step will be written to the “.trc” file. If this parameter is
omitted (for compatibility with old input files) the default value is 1.
Note that the first and last solute time step within a heat and mass
transfer step autortiaally get printed.

KEYWORD character*4 Keywordtpor’ specifying optional tracer posity should be input. If
group 4 is omitted, porosities assigned in maokk are used.

PS TRAC real Tracer porosity

NSPECI integer Number of solutes simulated.

KEYWORD character*4 Keywordldsp specifying longitudinal / transverse dispersion. If X, y,[z

dispersion is desired group 7 is omittand dispersivities are input in
y, and then z order (group 9 or group 12). Otherwise, if longitudinal
transverse dispersion is desired the keywltsh’ is entered and

dispersivities are instead input in longitudinal and then transverse order
with values for the third dimension omitted.

KEYWORD character*4  Keyword specifying the sadiffusion coefficient and dispersivities arg
to be used for all species of the same type (liquid and/or vapor).
‘dspl’ indicates that onljiquid species exist.
‘dspv indicates that onlyapor species exist.
‘dspb’ indicates that both liqdiand vapor species exist.
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Input Variable

Format Description

ICNS

SPNAM

MFLAG

SEHDIFF

TCX
TCY
TCZ

integer Phase designation for the ith solute

-2-Henry’s Law species (input aoditput concentration values are
gas concentrations).

-1-Vapor species.

0-Solid species

1-Liquid species

2-Henry’s Law species (input and output concentration values are
liquid concentrations)

character*20  For each specittee name of the speciesgeSulfate). This is an
optional identifier thatay be input when macran is not being used.

integer Flag denoting type of diffusion model to be used

0 - the molecular diffusion coefficient is a constant.

1 - Millington Quirk diffusion model for liquid or vapor.

2 - Conca and Wright diffusion model for liquid, alternate Millington
Quirk diffusion model for vapor.

3 - vapor diffusion coefficient is caltated as a function of pressur
and temperature using tortuosity framif macro, Equation (21)
of the “Models and Methods Summary” of the FEHM
Application (Zyvoloski et al. 1999).

FEHM calculates liquid contaminant flux as J = (Water
Content)x(D*)x(GradC) and vapor contaminant flux as J = (A
Content)x(D*)x(GradC) where Dis the diffusion coefficient
input in this macro. Water content is defined as porosity x
saturation and air content is defined as porosity x (1 - saturatipn).
For more explanation on the Millington Quirk and Conca/Wright
models see Stauffer, PH, JA Vrugt) Turin, CW Gable, and WH
Soll (2009) Untangling diffusion from advection in
unsaturated porous media: Experimental data, modeling, |and
parameter uncertainty assessment. Vadose Zone Journal, 8:510-
522, doi:10.2136/vzj2008.0055.

(1]

]

SEHDIFF real Magcular diffusion coefficient (m2/s)

When MFLAG = 0, the input diffusion coefficient is used directly in the
contaminant flux equations persted above. However, MFLAG
=1 or 2, the free air or free watdiffusion coefficient is input and
the correct porous diffusion ealculated within FEHM. For
MFLAG = 3, the code assumes adrair diffusion coefficient of
2.33e-5 m2/s for water vapor in air as described in the Models and
Methods Summary Eq. 21.

real Molecular diffusion coefficient (Ais)
real Dispersivity in x-direction (m)
real Dispersivity in y-direction (m)

real Dispersivityin z-direction (m)
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Input Variable Format Description
ITRCDSP integer Region number for dispersion parameters given in group 9 (keywa
dspl dspv ordspy. Default is 1.
IADSF integer Adsorption model type for the ith species, ith region
0 - conservative solute
1 - linear sorption isotherm
2 - Freundlich sorption isotherm
3 - Modified Freundlich sorption isotherm
4 - Langmuir sorption isotherm
A1lADSF real O parameter in adsorption model
A2ADSF real D parameter in adsorption model
BETADF real Eparameter in adsorption model
DIFFM real Molecular diffusion coefficient (fis) See discussion for SEHDIFF.
ITRCD integer Region number for group 12 sorption parameters or for sorption an
dispersion parameters (no keyword). Default is 1.
HENRY_MODEL integer Flag denoting which modeltigsbe used for defining the temperature
dependence of the Henry’s law constant
1 - van't Hoff model
2 - Multi-parameter fit to experimental data (used for carbonate
system)
3 - Henry’s model uses water vapor pressie € P, )
HAWWA(1) real Term in Henry's Lev temperature dependence model:
For model 1 or 3 - parameter value ig A
For model 2 - parameter value ig A
For model 3 - not used
HAWWA(2) real Term in Henry's Lev temperature dependence model:
For model 1 - parameter value isH,,
For model 2 - parameter value ig A
For model 3 - Henry's constant modifield = P, ~" Hy,
HAWWA(3) real Term in Henry's Lev temperature dependence model:
For model 1 - not used
For model 2 - parameter value ig A
HAWWA(4) real Term in Henry's Lev temperature dependence model:
For model 1 - not used
For model 2 - parameter value i A
HAWWA(5) real Term in Henry's Lev temperature dependence model:

For model 1 - not used
For model 2 - parameter value ig A

o



FEHM V3.1.0 Users Manual Page: 192

Input Variable

Format Description

ANQO

CNSK

T1SK
T2SK

real Initial concentratioof tracer, which will supersede the value given in
group 1. Note that if initial values are read from a restart file, these
values will be overwritten. Units are moles per kg vapor or liquid forja
liquid, vapor, or Henry’s law species, and moles per kg of solid for a
solid species. Default is 0.

real Injection concentration at inlet node (moles per kg liquid or vapor). |If
fluid is exiting at a node, thendhn-place concentration is used. If
CNSK < 0, then the concentration at that particular node will be held at a
concentration of abs(cnsk) (defiais O for all unassigned nodes).

real Time (days) when tracajection begins. Default is O.

real Time (days) when tracer injectiends. Default is 0. If T2SK < 0, the
absolute value of T2SK is used for this parameter, and the code intefprets
the negative value as a flag to tréeg node as a zero-solute-flux node
for cases in which a fluid sink is defined for that node. For this case| the
solute will stay within the model at the node despite the removal of fluid
at that location. If a fluidourceis present at the node, CNSK is the
concentration entering with that fluid, as in the normal implementation of
a solute source. Note that the cad®@not handle the case of T2SK < (
and CNSK < 0 (fixed concentration), as these are incompatible inputs.
Therefore, the code prints an ermessage and stops for this condition.

In the following example ofrac, calcite dissolution is simulated. The input groups

are given to the right of thelike to facilitate review of the example. The initial solute
concentration is set to 0 (but is later overwritten by group 14 input), the implicitness
factor is 1 resulting in a 1st order solution, the equation tolerance is 1.e-7, and the
upstream weighting is set to 0.5. The solute transport solution is turned on as the heat
and mass solution is turned off at day 1. The heat and mass solution resumes on day
1000. Two solutes are simulated in this example. Solute 1 is a nonsorbing
(conservative) liquid specied) = B = 0., E= 1.) with a molecular diffusion

coefficient of 1.e-9 Vs, and dispersivity of 0.0067 m in the X-direction. This

transport model applies over the entire problem domain. The initial solute
concentration for solute 1 is 6.26e-5 mol/kg-water. Solute 2 is a solid species with an
initial solute concentration of 2.e-5 mol/kg-solid. There is no solute source for either
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solute. The corresponding data for ttx@ macro, that would caplete this example,
is given on page 159.

4

Group 1
Group 2
Group 3
Group 6
Group 11

Group 12

Group 13

Group 15

Group 16
Group 11
Group 15

Group 16

Group 1
Group 2
Group 3
Group 4
Group 5

Group 6
Group 7
Group 11

Group 12

Group 13

Group 15

Group 16
Group 11

trac
0 1 l.e-7 .5
1. 1.e20 1. 1000.
50 1.2 1.1574e-6 1.1574e-3 1
2
1
0 0 0 1 0 l.e9 0.0067 0. 0.
1 0 0 1
1 0 0 6.26e-5
0
1 0 0 2.e5
The second example orfac is modified to illustrate &cer porosity input and use of
longitudinal and transverse dispersion.
trac
0 1 le-7 5
1. 1.e20 1. 1000.
50 1.2 1.1574e-6 1.1574e-3 1
tpor
1 0 0 0.2
2
Idsp
1
0 0 0 1. 0 l.e-9 0.0067 0.0067
1 0 0 1
1 0 0 6.26e-5
0
1 0 0 2.e-5

Group 15

Group 16
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The third example ofrac, is modified to illustrate keyword use for assigning the
same diffusion coefficierdnd dispersivities for eaddolute in the simulation.

trac
0 1 l.e-7 5 Group 1
1. 1.e20 1. 1000. Group 2
50 1.2 1.1574e-6 1.1574e-3 1 Group 3
2 Group 6
dspl Group 8
0 l.e-9 0.0067 0.0067 0.0067 Group 9
1 0 0 1 Group 10
1 Group 11
0 0. 0. 1. Group 12
1 0 0 1 Group 13
1 0 0 6.26e-5 Group 15
Group 16
Group 11
1 0 0 2.e-5 Group 15
Group 16

The final examples dfac illustrates use of the “userc” subroutine and applies only to
the version of this subroutine that is included/compiled with the current version of
FEHM. The user subroutine is invoked from th&c macro using the keyword

“userc” in Group 1. Wheimvoked, the code looks for an additional data file
“userc_data.ddtin the currentworking directoryor the file entered when using optional
keyword file after Group 1. The following input is required:

Group 1 - USROPTION (integer)
The only option currently supported is option 2: Time-varying solute
mass flux input at prescribed nodes.

There are only two options currently supiaal, option 2: Time-varying solute mass
flux input at prescribed nodes, and optnMass flux recirculation and erosion at
prescribed zones.

For option 2 the input will be

Group 2- N_POINTS (integer)
Number of flux-time points in the transient input curve.

Group 3- Required header line (read in by code but not used)

Group 4 - USERFLUX(J), J =1, NSPECI
This group has N_POINTS lines of mass flux values (moles/s), one for
each point in the time-varying inputre. Each line has NSPECI entries,
one for each species in the silation (NSPECI is input in therac macro
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Group 6). Positive mass flux values are solute mass injected into the
model (note: this is the opposite of the convention for fluid flow sources
and sinks).

Required header line (read in by code but not used)

USERTIME
This group has N_POINTS lines ofrtes (seconds), one for each point in
the time-varying input curve.

For option 5 the input will be

Group 2 - EROSION_FACTOR
Group 3- RECYCLE_FACTOR(J), J =1, NSPECI
Group 4 - NU_ZONES
Group 5- PRODZONES(l), | =1, NU_ZONES
Group 6 - INFLZONES(l),l =1, NU_ZONES
Input Variable Format Description
USROPTION integer  User subroutine option
2 - Time-varying solute mass flux input at prescribed nodes
5 - Mass flux recirculation and erosion
For usroption = 2
N_POINTS integer  Number of flux-time points in the transient input curve
USERFLUX real This group has N_POINTS lines ofsadlux values (moles/s), one for each
point in the time-varying input curve. Each line has NSPECI entries, ong for
each species in the simulation (NSPECI is input intrdi@macro Group 6).
Positive mass flux values are solute mass injected into the model (note: this
is the opposite of the convention for fluid flow sources and sinks)
USERTIME real This group has N_POINTS linestohes (seconds), one for each point in

For usroption =5

EROSION_FACTOR

RECYCLE_FACTOR

NU_ZONES
PRODZONES

real

real

integer

integer

the time-varying input curve.

The code uses a special flag to dedide&hich nodes to inject the mass flux.
In thetrac macro in the source/sink input (Group 15), the value for CNSK is
set to -9876 as a flag to denote that the mass flux is input at that node] If

multiple nodes are flagged, the mélsx value is input at each of these
nodes (as opposed to the entire mass flux being divided evenly between
these nodes)

Rate at which solute is removed from the solid in specified nodes (1/yr)
These nodes are contained in the designated injection zones.

Fraction of sdkithat is recycled. NSPECIlvas are entered (one for each
specie in the model)

Number of productiimection zone pairs being modeled.

N_ZONES zone numbers where solute is being produced.
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Input Variable Format  Description

INFLZONES integer NU_ZONES zone numbevkere solute is being reinjected.

The production/injection zones should be defined

In the fourth examplethe userc subroutine is invoked with usroption = 2. There are 3
species defined itrac, so 3 mass flux inputs are required in USERFLUX (Group 4 of
“userc_data.dd). The first solute has a linearincreasing mass flux from 1.e-3 to
5.e-3 over the time from 0. to 4.e5 secsnilhe second species is a solid, and the 0.
values denote that there is no mass flypuin The third species has a constant mass
flux input of 1.e-5 moles/s for all times.

Thetrac macro has the flag of -9876 for CNSK in all nodes of zone 3 (zone 3 would
be defined in a previous invocation of thene macro) for species 1 and 3. The mass
flux is therefore input in all nodes of zoBe Since the flag wasot used for the solid
species 2, the 0. values input in USERB{are actually irrelevant because no nodes

are being flagged with the -9876 valuetiac. Thus, for mass flux to be input using

this method, the values in USERFLUX must be non-zero and the nodes must be
flagged intrac. Note that there is no restriction time phase of the species: solid or

gas species can be added at a prescribed mass flux if desired (though this is not done
in this example). .

trac
userc 0 1 l.e-6 1. Group 1
0. 1.e20 1. 1.e30 Group 2
10 1.2 l.e2 1l.e3 1 Group 3
3 Group 6
1 Group 11
0 0 0 1 0 1l.e-10 1. 1. 1. Group 12
1 0 0 1 Group 13
1 0 0 0. Group 15
-3 0 0 -9876. 0. 1.e20 Group 16
Group 11
1 0 0 0. Group 15
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Group 16

Group 11
0 1 0 1l.e-10 1. 1. 1. Group 12
0 1 Group 13
0 0. Group 15
0 -0876. 0. 1.e20 Group 16

File “userc_data.dat

2 Group 1
5 Group 2
Mass flux (moles/s) Group3
l.e-3 l.e-5 Group 4
2.e-3 l.e-5
3.e-3 l.e-5
4.e-3 l.e-5
5.e-3 l.e-5
Time (seconds) Group 5
0. Group 6
1l.e5
2.e5
3.e5
4.e5

©cooco©o

A final point needing explanation is the use of times T1SK and T2SK in Group 15 of
trac. These values are times (in days, asag@g to the seconds used for USERTIME
in Group 6 of userc_data.dat) defining ihéerval over whiclsource/sink values are
used. The normal logic of thmode is still used to decidehether a source or sink is
employed, namely that the source/sink tesnonly present between T1SK and T2SK.
Therefore, the time-varying input mustlfaetween T1SK and T2SK: any portion of
the simulation outside of this range will have no source/sink regardless of the input in
“userc_data.ddt Practically speakingsetting the values of TL1SK and T2SK to 0. and
1.e20 days (very large), resgtively, will ensure that #hentire span of times in
userc_data.dat is used for the mass flux inpnt the source is not shut off during the
simulation.

In the final example, the userc subroutine is invoked with usroption = 5. The user
subroutine input will be read from fileiserc_noerosion.dat'in subfolder input_new.
A single conservative specie is modeled. Recycling is specified for 65 production/
injection zone pairs (Groups 4, 5, andaéd all solute prodted will be recycled
(Group 3) without erosion (Group 2). Noteattfor this examplegven if an erosion
factor had been specifiethere would be no erosion since a conservative specie is
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being modeled (K= 0). Fluid production/injection is controlled using tew or

boun input macros.

trac
userc
file
input_new/userc_noerosion_new.dat

0.0 1.0 le6 1.0

1.0 36525 36525 1.0
0. 0.
50 1.2 1.0 1000.
0
tpor
1 0 0 0.18
1
1
0 0. 0. 1. le-11 20 0.2 0.1
1 0 0 1
1 0 0 0.
-44 0 0 -1.00 1.0 1.e20

File "userc_noerosion.dat"

5
0.0
1.0
65

101 102 103 104 105 106 107 108 109 110 111 112 113 114 115 11
118119120121 122123124 125126 127 128 129 130 131 132 13
135 136 137 138 139 140 141 142 143 144 145 146 147 148 149 1
151 152 153 154 155 156 157 158 159 160 161 162 163 164 165

166 167 168 169 170 171 172173 174 175176 177 178 179 180 1
182 183 184 185 186 187 188 189 190 191 192 193 194 195 196 1
198 199 200 201 202 203 204 205 206 207 208 209 210 211 212 2
214 215 216 217 218 219 220 221 222 223 224 225 226 227 228 2
230

Group 1

Group 2
Group 3

Group 4
Group 5

Group 6

Group 11
Group 12

Group 13

Group 15

Group 16

Group 1
Group 2
Group3
Group 4

6GHdup 5
3134

50

8Group 6
97
13
29
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6.2.92 5Control statement user(optional)

Group 1- KK
Input Variable Format Description
KK integer Integer number passed to subroutiser for user defined input parameters.

This user subroutine call differs from the one invoked in the control filg
that whereas that subroutine is calle@atry time step, this one is called
only at the beginning of the simulation to set parameters that do not change
later in the simulation.

n

The following is an example of user. In this example, the number 5 is passed to the
user subroutine.

user
5

6.2.93 Control statement vap(optional)

Enable vapor pressure lowering. For marformation see théModels and Methods
Summary” of the FEHM Application [Zyvoloskat al. 1999, Equation (127), page 58].
No input is associatd with this macro.

6.2.94 Control statement vcor{optional)

Variable thermal conductivity information.

Q Qa0 300/T !

(1) Thermal conductivity for intact salt:

Q. Qo 300/T

(2) Thermal conductivity for crushed sal

whore @0 L08R DF D QIR
Parameters related to thermal conductivity ég 00 ‘Z ‘% Q Q , Q Q Q ,
/

and
Group 1 - IVCON(l), VC1F(l), VC2F(l), VC3F(I)
Group 2 - JA, JB, JC, IVCND (JA, JB, JC - defined on page 33)

. An additional parametex the specific heat of salt

The parameter (I) is incremented each time Group 1 is read. Group 2 lines will refer to
this parameter. Group 1 is ended with a blank line.

Input Variable Format Description

IVCON(i) integer Model type for ith conductivity model.
IVCON(i) = 1, linear variation of thrmal conductivitywith temperature.
IVCON(i) = 2, square root variatioof thermal conductivity with liquid
saturation.
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Input Variable Format Description

VC1F(i) real Reference temperatuf€} for IVCON(i) = 1. Conductivit)( 'rﬁv%i ) at
liquid saturation = 1 for IVCON(i) = 2.

VC2F(i) real Reference conductivi(y%< ) for IVCON(i) = 1. Conductivity
( %( ) at liquid saturation = 0 for IVCON(i) = 2.

VC3F(i) real Change in conductivity withspect to temperature for IVCON(i) = 1. Not
used for IVCON(i) = 2.

IVCND integer Number referring tthe sequence of models read in Group 1. The default is

1.

The following are examples @ton. In the first example, a linear conductivity model
is defined and applied at each nodide reference temperature is°2) the reference

conductivity is 1% , and the changedonductivity with tenperature is 0.01.

K

vcon
1

20.0 1.0 le-2

For the second exammlthree models are defined fihe entire domain. Model 1
defines the constant thermal conductivity of 16\®6m K at 26.88C (=300°K)

for a stainless steel canister (zone 1). Model 2 defines all parameters for a
crushed salt (zone 2). Model 3 defirregerence thermal conductivity of 5.4
W/m K at 26.88C (=300°K) and exponent 1.14 for the intact salt in the rest
of the domain.

veon
1

26.85 16.26 O.
26.85 1.08 270.0 3700 136.0 15 5.0 1.14
26.85 54 1.14

0 0 3
0 0 1
0 0 2

6.2.95 Control statement wel{optional)

Peaceman type well impedance.

Group 1

ITYPEWELL, KEYWEL1,PARMWEL1,PARMWELL2, PARMWEL3

Enter one line per model defined, terminated with a blank line.
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Group 2  JA, JB, JC, IZONEWELL (JA, JB, JC - defined on page 33

Input Variable Format Description

ITYPEWELL integer Well model type

KEYWEL1 integer

PARAMWEL1 real Peaceman's rw, wellbore radius (m).
PARAMWEL1 real Peaceman's feservoir thickness (m)
PARAMWEL1 real Print parameter

IZONEWELL integer Peacean model assignment.

6.2.96 Control statement wflo(optional)

Create a nevilow macro to represent boundary conditions on an extracted submodel.
Alternate submodel boundary output.

Group1l KEYMS1, KEYMS2, KEYMS3, KEYMS3

or if KEYMS4 = ‘type’
Group1l KEYMS1, KEYMS2, KEYMS3, KEYMS4, ITYPSD
Enter one line per model defined, terminated with a blank line.
Group 2JA, JB, JC, ISUBMD (JA, JB, JC - defined on page 33

Input Variable Format Description
KEYMS1 character Macro SKD type. The letters give () are sufficient to identify the
keyword:
(p)ressure
(h)ead
(Hlux
KEYMS2 character Macro ESKD type. The lettergayi in () are sufficient to identify the
keyword:
(s)aturation
(tyemperature
(e)nthalpy
(w)ater (water only source, output saturation as 1.0)
KEYMS3 character Macro AIPED type:
imph - Impedance parameter = 1.0
impl - Impedance parameter = 1.0e-4
impn - Impedance parameter = -1.0
If KEYSML1 = flux’ the impedance parameter = 0.0, otherwise for any
other input, the impedance parameter = 1.0e2.
KEYMS4 character Flag to indicate submodel type will be input:

type
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Input Variable Format Description

ITYPSD INTEGER Submodel type:

ISUBMD integer Submodel assignment.

ITYPSD = 0, generate ‘flow’ macro.
ITYPSD z0, generate ‘flo3’ macro.

6.2.97

The following is arexample of thevflo macro. A flow macro will be written for two output
zones. Because, they are sfiediusing two models, the macros will be written to two
separate files. The macro file names will baggated using the root file name (as input or
determined from the output file name) appendéd the model number and suffix ‘.wflow’
(e.g. file.0001.wflow and file.0002.wflow).

wflo

flux wat impl na

flux wat impl na
-308 0 0 1
-309 0 0 2

Control statement wgtuoptional)

User defined destributed source boundary weight factors used in conjunction with
macroboun.

Group 1 - NAREA

Group 2 - 1ZONE_AREA(I), IARRF(l), AREAOL(I), AREA02(]), | = 1 to NAREA
If IAREAF(I) = 7) a weightfactor is read for each node in the current zone.
Group 3- I, (JJ, WGT_AEA(JJ), IJ=1to Il

If IAREAF(I) = 8) a weightfactor is read for each nodle the current zone from the
specified file. See Group 3 above for file format.

Group 3 - WFILENAME

Input Variable Format Description

NAREA integer Number of zones for which a weight factor will be calculated.

IZONE_AREA integer Zone on which to calculate weight factors.
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Input Variable Format Description
IAREAF integer Method for calculating weight factor for current zone.
1 : Calculate area of each node in zone
2 : Calculate area of each node basedotal area given (area01) and
portioned by volume size
3 : Calculate area of each node basedotal area given (area01) and
portioned by approximatarea size
4 : Calculate weighting based on area (used in boun)
5 : Calculate weighting based on area*perm (used in boun)
6 : Calculate weighting based on vol*perm (used in boun)
7 : Read a list of weights for every node in zone
8 : Read a file with weights for every node in zone
AREAO01 real*8 Input area.
AREA02 real*8 Base impedance parameter.
Il integer Number of nodes in the current zone.
JJ integer Node number of the ijth node.
WGT_AREA real*8 Weighting factor for JJ
WFILENAME  character*100 Name of file coniimg weight factors for the current zone.

6.2.98 Control statement wts{optional)
Water table, simplified.

Group 1 - NFREE, IZONE_FREE(l), | = 1 to NFREE, IFREE_IM_EX,
HEAD_TOL, RLPTOL,

Input Variable Format Description

NFREE integer Number of zones to which water table condition are applied.
IZONE_FREE integer Zone number.

IFREE_IM_EX integer Update parameter (0 - explicit update, 1 - implicit update).
HEAD_TOL real*8 Tolerance for head (m)

RLPTOL real*8 Tolerance for saturation

The following is an example aftsi.

witsi
1 1 50 0.01 0.0001
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6.2.99 Control statement zongoptional)

Geometric definition of grid for input parameter assignment, the default is input by

ntil

5

nodes.
Group 1 - IZONE
Group 2 - X1, X2, X3, X4 (for 2-D) or X1, X2, X3, X4, X5, X6, X7, X8 (for 3-D)
Group 3- Y1,Y2,Y3, Y4 (for 2-D) or Y1, Y2, Y3, Y4, Y5, Y6, Y7, Y8 (for 3-D)
Group 4 - 71, 72,73, Z4, 75, 76, Z7, Z8 (for 3-D problems only)
The following alternate form of input may be used (starting with Group 2):
Group 2 - MACRO
Group 3 - XG, YG (for 2D) or XG, YG, ZGfor 3-D) [used with ‘list’ option]
or
Group 3 - NIN, NODE(1), . .., NODE(NIN) [used with ‘nnum’ option]
or
Group 3 - TOL_ZONE, ZXY_MIN, ZXY MAX [used with ‘xyli" option]
Group 4 - XG, YG [used with ‘xyli’ option]
Input Variable Format Description
IZONE integer Zone identification number for geometric input.
X1-X8 real X coordinates defining zone IZONE (m).
Y1-Y8 real Y coordinates defining zone IZONE (m).
Z1-Z8 real Z coordinates defining zone IZONE (m).
MACRO character*4 String deting alternate input format

MACRO ="“list”, read a list of X, Y, Z - coordinates, one set per line u
a blank line is encountered. &nodes corresponding to these
coordinates make up the zone.

MACRO = “nnum”, read the number specified nodedpllowed by the
node numbers. These comprise the zone.

MACRO = “xyli", read a column radis, followed by a list of X, Y -
coordinates, one set per line until a blank line is encountered. The
nodes contained in columns centeoeceach x, y pair and extending to
the defined boundaries in the Z direction make up the zone. The
column radius is necessary becausedfare (usually) slight variation
in the Z direction of nodes above and below the prescribed X, Y
coordinates.

XG real X coordinate of node to be included in IZONE (m).

YG real Y coordinate of node to be included in IZONE (m).

ZG real Z coordinate of node to be included in IZONE (m).

NIN integer Number of nodes in IZONE.

NODE(i) integer NIN node numbers of the nodes to be included in IZONE.
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Input Variable Format Description
TOL_ZONE real Column radius (m).
ZXY_MIN Minimum Z coordinate for XY list (m).
ZXY_MAX Maximum Z coordinate for XY list (m).

The geometric zone description is implemented by defining geometric regions. The
coordinates given in Group 2, 3, and 4 retie node positions shown in Fig. 2. All
properties defined by node (JA, JB, JCaimy control statements may be defined by
zone In the previous macro descriptions if JA < 0, then the zone IZONE = ABS (JA)
is referenced.

It is a good policy to refer to the input check file to insure that node assignments have
been made as expected. When X, Ycadrdinates are used to define zones,

boundaries of those zones may be slightfyedent than specifiedlhis is due to the
inclusion of volume from elemés adjoining included nodes.

When macro statementipdp anddual are used, additional zone definitions are
automatically generated. These are identified by zones 101-200 for the first set of
matrix nodes and 201-300 for the secontdlidanatrix nodes. For example, Zone 101
corresponds to the matrix teatial occupying the same &pe occupied by the fracture
identified by Zone 1. Furthermore, Zone 2@fers to the second matrix layer in the
dual control statement. Zones for tdpdp anddual matrix nodes may be explicitly
defined and will not be superseded by automatically generated zones.

The macrazonemust precede the usagéa ZONE referencezoneis ended with a

blank line.zonecan be called more than once ardions redefined. When this is

done, all previous zone definitions are eliminated. A node may be included in only a
single zone at a time.

The following are examples @bne In the first example, 8 zones (for a 2-D problem)
are defined, zone 1 is all the nodes that lie within the area bounded by the four points
with X, Y coordinates given by (0.,1075(),000.,1074.), (100QLP79.) and (0.,1080.)

and similarly for zones 2 - 6. Zone 7 is defined using the “nnum” keyword and
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consists of a single node, 100. Zone 8 iSrd|l using the “list” keyword and consists
of the single node closest to coordinates (0., 0.).

zone
1
0.00 1000.00 1000.00 0.00
1075.00 1074.00 1079.00 1080.00
2
0.000 1000.00 1000.00 0.00
870.000 869.000 1074.00 1075.00
3
0.000 1000.00 1000.00 0.000
860.000 859.000 869.000 870.000
4
0.000 1000.00 1000.00 0.000
780.000 779.000 859.000 860.000
5
0.000 1000.00 1000.00 0.000
730.000 730.000 779.000 780.000
6
0.000 1000.00 1000.00 0.000
700.000 700.000 730.000 730.000
7
nnum
1 100
8
list
0. 0.
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In the second example 2 zones of a 3Dbbem are defined using “xyli”. The columns
have a radius of 0.5 m extending from 0 - 1000 m in Z, and are centered around the
nodes closest to the given coordinates.

zone
1
xylist
0.5 0. 1000.
0. 0.
0 1.0
0. 15
0. 2.0
0 3.0
2
xylist
0.5 0. 1000.
1.0 0.
1.0 1.0
1.0 15
1.0 2.0
1.0 3.0

6.2.100Control statement zonrfoptional)

The input for this macro is identical to maaoneg except that previous zone
definitions are retained between calls unless specifically overwritten.
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7.0 OUTPUT

Output is found in the code generated files (outpet fivrite file, history plot file, solute plot file,
contour plot file, contour plot file for dual or dpdgijffness matrix data file , input check file,
submodel output file, PEST output files, streamline particle tracking output files, and AVS output
files) described in Section 5.0.

Macro commands (input options) dealing with output controlcarg (page 56)ctrl (page 60)nod2
(page 111)node (page 110)mptr (page 92)pest(page 114)ptrk (page 117)sptr (page 161)subm
(page 183)wflo (page 201), antime (page 185)cont is used to specifgputput format and time
intervals for contour data outpuepmn.confehmn.dp; ctrl is used to sgcify if element

coefficients calculated in the code should be sa¥elinin.stoy; node andnod?2 are used to provide
nodal or coordinate positions for which general information and history data will be output
(fehmn.outfehmn.hisfehmn.tr¢ and terminal output)nptr has an option to specify whether or not
particle tracking information is written to the restart fifeh(mn.fir); pestis used to specify PEST
parameter estimation routine output formi@himn.pest, fehmn.pe¥tptrk has an option to specify
whether or not particle tracking information is written to the restart fdknin.fir) and what
information to outputsptr has options to specify what streamline particle tracking information will
be output fehmn.sptrl, fehmn.sptr2, fehmn.sptr@ubmandwflo are used to specify nodes and
boundary conditions should be output for an extracted submodel regiotirengdrovides input on
the time printout interval for nodal informatiofefimn.outand terminal output).

The code itself provides no graphical capakleBtiHistory plots of th energy source, source
strength, temperature, pressure, capillargssure, and saturation are made fromfilea.hisFEHM
output files. Data from thé&len.trc files is used to make histptracer plots of the 10 species
concentrations. Contour plots can be made fronfitae.con, filen.dp, and\VS FEHM output files.

AVS provides tools for visualization and analysisvofumetric scalar and vector data Contour plots
using 2-d quad grids and 3-d hex grids for matepralperties, temperatursaturation, pressure,
velocities, and solute concenti@is can be made. The plots can be rotated, zoomed, scaled,
translated, and printed. Axis valsi and the color bar can be cusioeal. AVS FEHM output files are
available for the following node data: materiabperties, liquid and vapghase values, velocity
and pressure values, temperatwga&turation, concentrationand, and for the dua and dpdp models.
The AVS output files from FEHM are written an ASCII format that cabe imported into AVS

UCD graphics routines for viewing.

Additional information on the data found in the output files is given below.

7.1 Output file (filen.out)

Information contained in the general output file is mostly self explanatory. The file starts with
the code version, date, and time followed by the user input problem title. A summary of the I/
O files used, macro control statements read,aanaly storage follow. \ldable information for

user specified nodes at user selected time intefigakritten. The file ends with a summary of
simulation time, number of time steps in the probléme number of iterations taken, and total
cpu time.

7.2 Write file (filen.fin)

The write file containshe final values of pressure, temperature, saturation, and simulation
time for the run. The final version of the file is generally written at the end of the simulation.
This information is also written if the minimuoser supplied time step has been realized and
execution is terminated. The prary use of the write file is as a restart file. The write file
contains the following:

Code version number, date, time

Problem title
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Simulation time (days)
Gas flag [h20 (dfault), ngas, air]
Tracer flag [trac, ptrk, ma (default - no output)]
Stress flag [strs, nstr (default - no output)]
Dpdp flag [dpdp, ndpd (default - no output)]
Dual flag [dual, ndua (default - no output)]

If the gas flag is ‘h20’ (neitheair or ngas are set), followed by
Final temperature ) at each node
Final saturation (dimesionless) at each node
Final pressureMPa) at each node

Or if ‘ngas’ flag is set, followed by
Final temperature ) at each node
Final saturation (dimesionless) at each node
Final pressureMPa) at each node
Final capillary pressureMPa) at each node

Or if ‘air’ flag is set, followed by
Final saturation (dimesionless) at each node
Final pressureMPa) at each node

If fluxes have beespecified in theest macro (or for compatibility with older versions of the
code if (ABS (PRNT_RST) = 2 iptrk macro)

Label: ‘all fluxes’ or ‘liquid flux’ or ‘vapor flux’
Number of mass flux values

Mass flux value (kg/s) for each connectioheach node, startingith node 1. Note:
mass flux values for the fracture domair #isted first followed by the mass flux
values in the matrix domain. The mass fluetween fracture anghatrix elements are
listed last. If both liquid and vapor fluxes as written liquid flux will be output first.

Otherwise
Label: ‘no fluxes’

If ‘trac’ flag is set followed by
Number of species
Species concentratigiwvapor or liquid, dinensionless) for each node for each species

Or if ‘ptrk’ flag is set followed by

Number of particles, final random number seed for transport calculations, final
random number seed for particle release position (use by GoldSim)

Final node positin for each particle. Ithe value is negative, the particle left the
model domain at a fluid sink at that node.

Fractional time remaining at oent node for each particle.
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Multiplier to the plug flow residencertie for each particle at the current node
position, accounting for dispersion, stigm, and matrixdiffusion effects.

Age for each particle, i.e. the time since tharticle entered the system. However, if
the particle has left the system, this value is the time that the particle left the system.

If the random number seed foansport calculations in the file is negative, the arrays
for the fractional time remaining and the multiplier to the plug flow time have been
omitted using the PRNT_RST = -1 or PRNT_RST = -2 option (see PRNT_RST
description in the PTRK macro). A restart simulation using this input file will only
approximate the behavior of particles since epatticle will be assumed to have just
entered the node. It is preferable to restart a particle tracking simulation using a file
that contains the fullestart information.

If strs (not implemented in this version)
If ‘dpdp’ or ‘dual’ flag is set

The above information includes dual porosity/dual permeability nodes.

FEHM V3.1gf 12-02-02 QA:NA 02/14/2012 10:33:49

Unsaturated Diffusion tests
5000.0000000000000

ngas

trac

nstr

ndpd

ndua
34.99999999987494 34.99999999987494 29.99740954219060 29.99740954219060
24.99481908388880 24.99481908388880 19.99222863160355 19.99222863160355
14.99935303204482 14.99935303204482 10.00000000012507 10.00000000012507
0.1000000000000000E-98 0.1000000000000000E-98 0.1000000000000000E-98 0.1000000000000000E-98
0.1000000000000000E-98 0.1000000000000000E-98 0.1727371363921276 0.1727371363921281
0.4344871249926068 0.4344871249926068 0.7817833455822488 0.7817833455822516
0.1001154694602094 0.1001154694602094 0.1001154694628803 0.1001154694628803
0.1001154694707533 0.1001154694707533 0.1001154694901246 0.1001154694901246
0.1001154722096991 0.1001154722096991 0.1001154822144740 0.1001154822144740
0.9766094917448133E-01 0.9766094917448133E-01 0.9770095207050181E-01 0.9770095207050181E-01
0.9774097492577727E-01 0.9774097492577727E-01 0.9778102503811041E-01 0.9778102503811041E-01
0.9841762151617499E-01 0.9841762151617499E-01 0.9888735221221216E-01 0.9888735221221216E-01

no fluxes

1

1.040511468 1.040511468 1.023454397 1.023454397
1.006402317 1.006402317 0.9893551455 0.9893551455
0.9701457197 0.9701457197 0.9516070487 0.9516070487

Figure 4. Example of FEHM restart (fin) file using original format.

In FEHM Version 3.00 or newer, the format ogtfile was simplified tallow user selection
of output parameters. Theodified header contains:

Code version number, date, time
Problem title
Simulation time (days)

Number of nodes (n), type keyword (‘dualdpdp’ or ‘nddp) to designate if dual
porosity or double permeability were invoked or not for the simulation.

The remainder of the data is output following a ‘keyword’ header specifying the type of data to
follow. n values will be output for each specifiedtput parameter. Ek data will be output
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using the original format fotlwing the parameter output apdeceding any particle tracking
‘ptrk’ or transport ‘trac’ outpit. Particle tracking output oransport output Wi be preceded
by a ‘keyword’ header and uslke same format as before.

FEHM V3.1gf 12-02-09 QA:NA 02/09/2012 11:48:27
Unsaturated Diffusion tests
5000.0000000000000

12 nddp
temperature
34.99999999987494
24.99481908388880
14.99935303204482
lsaturation
0.1000000000000000E-98 0.1000000000000000E-98 0.1000000000000000E-98 0.1000000000000000E-98

29.99740954219060
19.99222863160355
10.00000000012507

34.99999999987494
24.99481908388880
14.99935303204482

29.99740954219060
19.99222863160355
10.00000000012507

0.4344871249926068
pressure
0.1001154694602094
0.1001154694707533
0.1001154722096991

0.4344871249926068

0.1001154694602094
0.1001154694707533
0.1001154722096991

0.1000000000000000E-98 0.1000000000000000E-98 0.1727371363921276

0.7817833455822488

0.1001154694628803
0.1001154694901246
0.1001154822144740

0.7817833455822516

0.1001154694628803
0.1001154694901246
0.1001154822144740

0.1727371363921281

lgaspressure
0.9766094917448133E-01 0.9766094917448133E-01 0.9770095207050181E-01 0.9770095207050181E-01
0.9774097492577727E-01 0.9774097492577727E-01 0.9778102503811041E-01 0.9778102503811041E-01
0.9841762151617499E-01 0.9841762151617499E-01 0.9888735221221216E-01 0.9888735221221216E-01
no fluxes
trac
1
1.040511468
1.006402317
0.9701457197

1.040511468
1.006402317
0.9701457197

1.023454397
0.9893551455
0.9516070487

1.023454397
0.9893551455
0.9516070487

Figure 5. Example of FEHM restart (fin) file using new format.

7.3 History plot file (filen.his)

The history plot file contains the following (see Figure 6) :

Code version number, date, time
Problem title
Gas flag (‘ngas’, ‘airw’, or blank)
Tracer flag (‘trac’ or blank)
Stress flag (‘strs’ or blank)
Number of nodes for which data are output
Node number and X, Y, and Z coordinate)(of each node for which data are output
‘headings’

Depending on problem flags, 2 lines wiibld descriptors, Case 1 (default):
“node flow enthalpy(Mj/kg) flow(kg/s) teperature (deg C) total pressure (Mpa)”
“capillary pressure (a) saturation (kg/kg)”

or Case 2 (hydraulic head):
“node flow enthalpy(Mj/kg) flow(kg/s) teperature (deg ydraulic head (m)”
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“total pressure (Mpa) saturation (kg/kg)”
or Case 3 (ngas):
“node flow enthalpy(Mj/kg) flow(kg/s) tmperature (deg C) total pressure (Mpa)”
“air pressure (Mpa) capillary pressure §i) saturation (kg/kg) relative humidity”
And for each time step
Time (days) followed by

For Case 1:

Node number, Energy sourcgld/s), Source strengtrkg/s), Temperature ), Total

pressureNIPa), Capillary pressureMPa), and Saturation (dimensionless) for each
specified output node.

For Case 2 (hydraulic head):

Node number, Energy sourckld/s), Source strengttkg/s), Temperature ¢),
Hydraulic head ), Total pressureMPa), and Saturation (dimensionless) for each
specified output node.

For Case 3 (ngas):

Node number, Energy sourcgld/s), Source strengtrkg/s), Temperature ), Total
pressureNIPa), Air pressure KIPa), Capillary pressureMPa), Saturation
(dimensionless), and Reiae humidity for eaclspecified output node

FEHM V2.30sun 05-04-19 QA:NA  04/20/2005 08:45:05
*xxx% 2-D Heat Conduction Model *****

1
111 0.000000000E+00 0.000000000E+00 0.000000000E+00
headings

node flow enthalpy(Mj/kg) flow(kg/s) temperature(deg C) total pressure(Mpa)
capillary pressure(Mpa) saturation(kg/kg)
0.0E+0

111 0.100000000E-19 0.00000000 200.000000 10.0000000 0.00000000 0.00000000
5.0E-3

111 0.100000000E-19 0.00000000 199.999999 10.0000000 0.00000000 0.00000000

4.000049999999937

111 0.100000000E-19 0.00000000 100.183607 10.0000000 0.00000000 0.00000000
-4.000049999999937

111 0.100000000E-19 0.00000000 100.183607 10.0000000 0.00000000 0.00000000

Figure 6. Example of history output file, filen.his

7.4 Alternate History plot files  (filen.his, filen_param.his)
The history plot file filen.his) contains the fobwing (see Figure 7):
Code version number, date, time

Problem title
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Gas flag (‘ngas’, ‘airw’, or blank)
Tracer flag (‘trac’ or blank)
Stress flag (‘strs’ or blank)

List of parameters written to individudlstory files (possible paramenters are:
pressure, temperature, head, saturatilony, enthalpy, humidity, zone flux, and
global)

Number of nodes for which data are output

Node number and X, Y, and Z coordinate)(of each node for which data are output

FEHM V2.30sun 05-04-20 QA:NA  04/20/2005 08:50:56
*xx% 2-D Heat Conduction Model *****

Parameters written to individual history files:
temperature
for the following nodes:
1
111 0.00000000 0.00000000 0.00000000

Figure 7. Example of alternate history output file, filen.his

If zones for output & specified (see Figure 8)
Number of zones over which output is averaged
And for each zone

Number of nodes in the zone and zone number followed by a list of nodes in the zone.

FEHM V2.30sun 05-04-20 QA:NA  04/20/2005 09:10:21
*xxxk 2-D Heat Conduction Model *****

Parameters written to individual history files:
temperature
for the following nodes and zones:
1
111 0.00000000 0.00000000 0.00000000
Number of averaged output zones: 2
121 Nodes averaged in Zone -1
0000001 0000002 0000003 0000004 0000005 0000006 0000007 0000008 0000009 0000010
0000011 0000012 0000013 0000014 0000015 0000016 0000017 0000018 0000019 0000020

0000121

11 Nodes averaged in Zone -2
0000001 0000012 0000023 0000034 0000045 0000056 0000067 0000078 0000089 0000100
0000111

Figure 8. Example of alternate history output file including zones, filen.his

The history plot parameter file§ilen_param.hi$ contain the following:
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Code version number, date, time

Problem title

Blank line

Output parameter title and units

Heading: Time (nits) Nodes:Node number 1. .Node number n
-or- if zones are specified

Heading: Time (nits) Nodes:Node number 1. .Node number Zones:Zone number
1...Zode numbern

And for each time step (timenits may be seconds, days, or years as specifidulsin
macro)

Time (units) followed by parameter value feach specified node and zone. (See
Figures 9 and 10)

FEHM V2.30sun 05-04-20 QA:NA  04/20/20 09:39:26
*xkxx 2D Heat Conduction Model *****

Temperature (C)

Time (seconds) Nodes: 111
0.0E+0 200.0

432.0 199.99999943712558
864.0 199.99999502157842

345599.9999999945 100.18362295565089
345604.31999999453 100.18360733099975

Figure 9. Example of alternate history output file, filen_temp.his

FEHM V2.30sun 05-04-20 QA:NA  04/20/20 09:10:21
*xxx 2-D Heat Conduction Model *****

Temperature (C)

Time (seconds) Nodes: 111 Zones: -1 -2

0.0E+0 200.0 199.99999999999985 200.0

432.0 199.99999943712558 187.43603443819043 193.49769265774958
864.0 199.99999502157842 184.97995686212098 192.16893175137713

345599.9999999945 100.18362295565089 100.07411373139031 100.11665754330934
345604.31999999453 100.18360733099975 100.07410742498257 100.11664761680842

Figure 10. Example of alternate history output file including zones, filen_temp.his

The history plot global parameter fil&lén_param.hi} contains the following:
Code version number, date, time
Problem title

Blank line
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Depending on output selected the following possible headings:

mass / energy: Time (days) fab mass in system (kg) Tdtmass of steam in system

(kg) Water discharge (kg) Weait input (kg) Total water discharge (kg) Total water
input (kg) Net (kg) water discharge Total enthalpy in system (MJ) Enthalpy discharge
(MJ) Enthalpy input (MJ)Yotal enthalpy discharge (MJ) Total enthalpy input (MJ)

Net (MJ) enthalpy discharge

water / air: Time (days) Total water in sgst (kg) Total mass of steam in system (kg)
Water discharge (kg) Waterpat (kg) Net (kg) water discharge Total water discharge
(kg) Total water input (kg) Total air in system (kg) Air discharge (kg) Air input (kg)
Total air discharge (kg) Total air input kg (kg/s)Net (kg) air discharge

mass / water only (no steam): Time (daysjalovater in system (kg) Water discharge
(kg) Water input (kg) Total water discharge (kg) Total water input (kg) Net (kg) water
discharge

mass / water only (steam): Time (days) Tatalss in system (kg) Total mass of steam
in system (kg) Water discharge (kg) Waiteput (kg) Total water discharge (kg) Total
water input (kg) Net (kg) water discharge

air only: Time (days) Total air in system (kg) Air discharge (kg) Air input (kg) Total
air discharge (kg) Total air input kg (kg/s) Net (kg) air discharge

energy only: Time (days) Total enthalpysgstem (MJ) Enthalpy discharge (MJ)
Enthalpy input (MJ) Total enthalpy discharge MJ Total enthalpy input (MJ)Net (MJ)
enthalpy discharge

And for each time step

Time (days) followed by seleedl global parameter values.
7.5 Solute plot file (filen.trc)

Solute data is output for the same nodes used for the history plot file. The solute plot file
contains:

Code version number, date, time

Problem title

Number of nodes for which data are output

Node number and X, Y, and Z coordinate)(of each node for which data are output

Number of different species/componefas tracer solution, Number of liquid
components, Number of immobile components, Number of vapor components, and
Number of aqueous complexes

and for each time step and each species
Time (days), species number followed by

Species concentrationifdensionless) for eactpecified output node.
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When particle tracking is used, the concendraican be output in several different forms
(number of particles, number per fluid masspamber per total volume). The choice of which
form to use is input in thptrk macro.

FEHM V2.30sun 05-04-06 QA:NA  04/06/2005 19:58:25
Check of FEHMN against SORBEQ, All isotherms
1
201 0.100000000E+01 0.100000000E+01 0.100000000E+01
55000
1.550709E-4 1 species #001
4.855185258201169E-29
1.550709E-4 2 species #002
3.7325204274237394E-53
1.550709E-4 3 species #003
3.7325204274237394E-53
1.550709E-4 4 species #004
1.0E-90
1.550709E-4 5 species #005
1.0E-90

1.3E-31 species #001
0.999994799250939
1.3E-3 2 species #002
0.9999246650715027
1.3E-3 3 species #003
0.9999947753362215
1.3E-34 species #004
0.9999947668674314
1.3E-35 species #005
0.9999947643072644

Figure 11. Example of solute data history plot file

7.6 Contour plot file (filen.con)
The contour plot file contains:

Code version number, date, time
Problem title
Tracer (‘trac’) solution or blank
Stress (‘strs’) solution or blank
Number of nodes for which data are output
X, Y, and Z coordinate (m) afach node for which data are output
Number of nodes per elememdtal number of elements
Nodal connectivity informatiofior each node of each element

X, Y, Z permeability (nz) for each node

X, Y, Z thermal conductivit)( % ) for each node
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Porosity, Rock specific hez{tkg/'—‘lK ) Capillary pressureMPa) for each node

Number of degrees of freedom per nodetfar current problenmDirection of gravity
in problem, Value of gravity

If tracer solution is present

Number of species
and for each specified time

Time (days), injection phase (S 0 liquid, < 0 vapor) followed by
If injection phase is liquid

Liquid transmissibility / density, Liquid densityg/m3), Pressure - Capillary
PressureNIPa), Temperature )

and if tracer solution is present
Species concentration of liquid phase
Or if injection phase is vapor

Vapor transmissibility / density, Vapor densii;g(m?’), PressureMPa),
Temperature €)

and if tracer solution is present

Species concentrain of vapor phase.

Contour plot file for dual or dpdp  (filen.dp)

The contour plot file for dual or dpdp contains the same information as the regular contour plot
file only the parameter values are for the dual porosity / dual permeability nodes.

Stiffness matrix data (filen.stor)

The stiffness matrix data file is used to sttre finite element coeffieints for each node. It
eliminates the need for the code to recomputecitefficients for subsgient runs. It contains
the following:

Code version number, date, time
Problem title

Number of storage locations needed to stgpeometric input types, Number of nodes,
Size of connectivity array

Volume associated with each node

Nodal connectivity information for each connection

Position of geometric cofi€ient for each connection

Diagonal position in conn¢iwity array for each node

Finite element geometric coedfent for each storage location
If stress solution is enabled

Finite element geometric efficient for each storage ¢ation for the stress module.
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7.9 Input check file (filen.chk)

This file contains a summary of input information that may be of use in debugging or memory
management of the code. The positions of maximum and minimum values of input parameters
and derived quantities are given. Also provided is an analysis of array storage requirements.

7.10 Submodel output file  (filen.subbc)

The submodel output file containfidw” macro data that represents boundary conditions for
an extracted submodel (i.e., thetput will use the format of theffow” input macro). The file
contains:

Heading: “flow Boundary Conditions Output:”, code version number, date, time
for each submodel nodd,boundary type ihead or pressure,

Node number, Node number, 1, Head (mPoessure (MPa), Impedance parameter, #,
X coordinate, Y coordinate, Z cooordinate

or if boundary type is flux

Node number, Node number, 1, Flux (kg8)0d00, #, X coordinate, Y coordinate, Z
cooordinate

A blank line to signal end of flow macro input followed by the file termination macro
stop

An example is provided witeubm input on page 183.

7.11 Error output file  (fehmn.err)

This file contains the code version number, date, and time followed by any error or warning
messages issued by the code during a run.

7.12 Multiple simulations script files  (fehmn.pre, fehmn.post)

The multiple simulations script filehmn.precontains UNIX shell script style instructions for
pre-processing input data, while the script fdddmn.postontains UNIX shell script style
instructions for post-processing data.

7.13 PEST output files (filen.pest, filen.pestl)

The PEST output file is used to output data in a format suitable for use by the Parameter
Estimation Program (PEST) (Watermark Computing, 1994). The firstffiem(pes} contains:

Heading: “PEST Output:”, code version number, date, time

First parameter label: “pressures” or “heads”

node number and pressuifdRa) or head ft) for each speciéid output node
Second parameter label: “saturations”

node number and saturatiorr feach specified output node

Third parameter label: “temperatures”

node number and temperatur@] for each specified output node

Fourth parameter label: “permeabilities”

node number and x, y, and z permeabil'rtsz for each specified output node

Heading: “Total Flux (kg/s) eaving Zone (flxz macro option)”
“Zone NumberSource Sink Net Boundary”
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zone number, source flux, sink flux, net flux, boundary flux
The second filef{len.pest) contains:

Heading: “PEST Output:”, code version number, date, time

Parameter label: “pressures” or “heads”

node number, relative permeability model used, pressviRaj or head ft),
saturation, and temperature( for each specified output node

7.14 Particle statistics file  (filen.ptrk)

The data found in the “.ptrk” ié was previously reported in the general output file. From
version 2.25 of the code and forward that data will only be reported in the optional, “.ptrk” file
unless a coupled GoldSim-FEHM simulation is being run (see the PRNT_RST flag,

Section 6.2.59). In addition, theser has the option of selectimpich statistics parameters are
reported. The default is to report all statistics parameters.

For the default case, theptrk” file contains:

Title line: TITLE="V1=Number Having Etered System, V2=Number Currently In
System, V3=Number Having Left SysteM4=Number Havinddecayed, V5=Number
Having Been Filtered, V6=Number That Left This Time”

Header line: VARIABLES="Time (days)" "Sp001 V1" "Sp001 V2" "Sp001 V3"
"Sp001 V4" "Sp001 V5" “Sp001 V6" ... "$panV1" "SpnnnV2" "Spnnn V3"
"SpnnnV4" "Spnnn V5" "Spnnn V6"

A heading is output for eachariable (V1 to V6) for eacBpecies in the model amahnis the
total number of species in the simulation. Treader line is followethy (for each output time
step) the simulation time (day®)nd the six output variablesrfeach species modeled (Figure
12). When the user selects a sethaf the statistics parameters the header line and data will
only contain those variables that have been selected for output (Figure 13).

TITLE="V1=Number Having Entered System, V2=Number Currently In System, V3=Number Having Left
System, V4=Number Having Decayed, V5=Number Having Been Filtered, V6=Number That Left This Time"
VARIABLES="Time (days)" "Sp001 V1" "Sp001 V2" "Sp001 V3" "Sp001 V4" "Sp001 V5" "Sp001 V6"
"Sp002 V1" "Sp002 V2" "Sp002 V3" "Sp002 V4" "Sp002 V5" "Sp002 V6"

365.25000000000 18760 18686 74 0 O 74 18760 18670 90 0O O 90

1278.3750000000 18760 17860 900 O O 826 18760 17895 865 0O 0 775

7270752.1054688 18760 932 16710 1118 0 6 18760 912 16692 1156 0 14
7305000.0000000 18760 929 16712 1119 O 2 18760 905 16695 1160 0 3

Figure 12. Example of default “.ptk” particle statistics file.




FEHM V3.1.0 Users Manual Page: 220

TITLE="V1=Number Having Entered System, V2=Number Currently In System, V3=Number Having Left
System, V4=Number Having Decayed, V5=Number Having Been Filtered, V6=Number That Left This Time"
VARIABLES="Time (days)" "Sp001 V1" "Sp001 V2" "Sp001 V3" "Sp001 V4" "Sp001 V6" "Sp002 V1"
"Sp002 V2" "Sp002 V3" "Sp002 V4" "Sp002 V6"

365.25000000000 18760 18686 74 O 74 18760 18670 90 0 90

1278.3750000000 18760 17860 900 0O 826 18760 17895 865 0O 775

7270752.1054688 18760 932 16710 1118 6 18760 912 16692 1156 14
7305000.0000000 18760 929 16712 1119 2 18760 905 16695 1160 3

Figure 13. Example of “.ptk” particle statistics file with five output variables selected.

7.15 Mass Output from GoldSim  Particle Tracki ng Simulation

To provide a simplified method for tracking solute mass from a FEHM/GoldSim coupled
simulation an optional output file may be written that contains cumulative mass output (mg/l)
(see the PRNT_RST flag,, Samn 6.2.59). The data found in FEHM_GSM_Mass_balance.txt
has a format similar to that used for thetpde statistics output (see above) and contains:

Title line: TITLE="V1=Mass Having Entere8ystem, V2=Mass Currently In System,
V3=Mass Having Left System, V4=Mass ¥Hag Decayed, V5=Mass Having Been
Filtered, V6=Mass Having Decayed Outs The UZ, V7=Filtered Mass Having

Decayed"

Header line: VARIABLES="Time (years)" "Sp001 V1" "Sp001 V2" "Sp001 V3"
"Sp001 V4" "Sp001 V5" "Sp001 V6" "Sp001 V7". .. 18mV1" "SpnnnVv2"

"SpnnnV3" "SpnnnV4" "Spnnn V5" "Spnnn V6" "Spnnn V7"

A heading is output for eachariable (V1 to V7) for eackpecies in the model amshnis the
total number of species in the simulation. THeader line is followetyy (for each output time
step) the simulation time (days), and the sewgatput variables for each species modeled.

7.16 Particle Exit Locations and Count Output

To facilitate use of particle tracking simulatiomsstics an optional output file may be written

that contains particle @locations and count (seegalPRNT_RST flag, section,

Section 6.2.59). The data found in the “.ptrk "ffile can also be exarcted from the “.fin”

files through use of post-processors and/or file editors.
The “.ptrk_fin” file output file contains:

Header line:VARIABLES = "Node™'X" "Y" "Z" "Num_exited" "Zone"

Followed by (for each node wheparticles have exited the system) the node number,
the X, Y, and Z coordinates of the node (m), the number of particles that exited at that

node, and the number of the zone (if defined) that contains that node.

7.17 Streamline particle tracking output files (filen.sptrl, filen.sptr2,

filen.sptr3)

The streamline particle tracking output filesntain information generated during a streamline
particle tracking simulation. Depeimd) on output options selected (masqtr) zero, one, two

or three output files are generated.
When option IPRTt 1, the first file {ilen.sptr]) contains:

Code version number, date, time
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Problem title

“days=", Current time of streamline particle tracking iteration (days), streamline
particle tracking timestep number for current iteration, and

For each patrticle:

Particle number, X coordinate of partic,coordinate of particle, Z coordinate of
particle, Element or node number where the particle is located

When option IPRTOt 1, the second filefilen.sptrd contains:

Code version number, date, time
Problem title

Heading: “particle_number x y z time poityssaturation permeability rock_density
pressure temperature zone old_node neyde” (Note that the heading only includes
property titles for the default propertiestbiose properties spdmd by keyword.)

For each patrticle:

Particle number, X coordinate of partic,coordinate of particle, Z coordinate of
particle, Current time that the particle has reacliey$), Property value of the unit
the particle is residing in for each specified keyword [in the following order, if
specified: porosity, saturation, permeabilityz(), density (<g/m3), pressureNIPa),
temperature ), zone number], Element oode number where the particle is
located, Previous node number

If option “zbtc” is invoked, the third filefilen.sptr3 contains (Figure 14):

Code version number, date, time
Problem title
Heading: “ Time (days) Zonel Particles . . .”

Time (days), Cumulative number of partictlst have arrived at each specified zone
for breakthrough curve output

or when option ‘alt’ is specified (Figure 15):

Code version number, date, time
Problem title
Heading: Time (days) Particle# ID Zone Node

Followed by breakthrough time, particle nher, particle ID, breakthrough zone,
break through nodfor each particle that reaeh the breakthrough zone.

Or when option ‘alt xyz’ is specified (Figure 16):

Heading: x(m) y(m) z(m) Time (days) Particle # ID Zone Node
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Followed by X, y, z coordinate wheparticle entered breakthrough zone,
breakthrough time, particle number, bréalough zone, breathrough node for each

particle that reaches the breakthrough zone.

FEHM V3.1win32 12-02-02 QA:NA 02/02/2012 10:22:34
*** Validationl Test Problem: 3-D Homogeneous Flow and Transport ***
Time (days) Zonel Particles

208000.0 0

210000.0 40

Figure 14. Example of default “.sptr3” file.

FEHM V3.1win32 12-02-02 QA:NA 02/02/2012 10:22:41

*** Validation1 Test Problem: 3-D Homogeneous Flow and Transport ***
Time (days) Particle# ID Zone Node
209391.24384033 1 1888 5 1938
209391.24384033 2 1888 5 1938

209391.24381900 39 51256 5 51306
209391.24381900 40 51256 5 51306

Figure 15. Example of “.sptr3” file generated using option “alt”.

FEHM V3.1win32 12-02-02 QA:NA 02/02/2012 10:22:48

*** Validationl Test Problem: 3-D Homogeneous Flow and Transport ***

x(m) y(m) z(m) Time (days) Particle# ID Zone Node
19800.0000  0.100000000  -5.50000000 209391.24384033 1888 5 1938
19800.0000  0.200000000 -5.50000000 209391.24384033 2 1888 5 1938

=

19800.0000 -2800.90000  -200.000000 209391.24381900 39 51256 5 51306
19800.0000 -2801.00000  -200.000000 209391.24381900 40 51256 5 51306

Figure 16.  Example of “.sptr3” file generated using option “alt xyz”.

7.18 Contour Output Files for AVS, AVS Express, SURFER or
TECPLOT

7.18.1 Log output file (filen.avs_log)

The log output file is identical for AVS, AY Express, Surfer and Tecplot (see Figure
17). It contains:

Code version number, date
AVS log identifier

Problem title
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and for each specified time

Output file prefix, Call number, and Time. The output time units will correspond to
those selected in theont macro.

# FEHM V3.1gf 12-02-09 QA:NA 02/09/2012
# LOG AVS OUTPUT

# Unsaturated Diffusion tests

# Root filename Output Time (days)
output/box.00001 0.00000000
output/box.00002 1001.68908
output/box.00003 2002.77258
output/box.00004 3002.77258
output/box.00005 4003.12657
output/box.00006 5000.00000

Figure 17. Example of contour log output file.

7.18.2 AVS header output files  (filen.type _head)

The AVS ASCII (formatted) heax files are identical for A8 and AVS Express output (see
Figure 18). The data typesnat’, “scd, “vec or “con’, are described below. The
header files contain:

20 lines of text with information abothe FEHM AVS output files. The text is
followed by a one line AVS UCD file header containing:

number of nodes

number of cells

number of data components for the nodes

number of data components for the cells (currently 0)

number of data components for the model (currently 0)

# FEHM V3.1gf 12-02-02 QA:NA 02/14/2012
# AVS UNSTRUCTURED CELL DATA (UCD) FROM FEHM
# Unsaturated Diffusion tests

To prepare files for input to avs one must

concatinate header/geometry/node_value files.

For example, if your FEHM input file was fe.dat,

headers are fe10001_sca_head fe10001_vec_head, ...,

mesh geometry will be in fe10001_geo,

field output will be in fe10001_sca_node,
fe10001_vec_node, fe10001_con_dual_node

A UCD input file can be produced using
cat fe10001_sca_head fe10001_geo fe10001_sca_node >
fe10001_sca_node.inp

The UNIX foreach command is useful for processing
multiple files. Also use the shell script fehm2avs
to perform automatic processing of all output.

H o H R HH KRR HHH

0000000012 5 5 0 0

Figure 18. Example of AVS header output file.
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7.18.3 Geometry output files  (filen.geo, filen_grid.dat)

Geometry data will be output when keywldigeom” or “grid” are included in the
output variable list. For AVS the geometrytdas output in a separate file when
keyword ‘geom’ is used. For Tecplot, output of the geometry data depends on the
input keyword, ‘geom’ or ‘grid’. If keywad “geom’ is used the geometry data is
contained in the first contodile for each type oflata requested. Keyword ‘grid’ is
used the geometry data is output to a separate Tecplot “grid” file.

The ASCII (formatted) geometry fillor AVS contains the following:
Node id and X, Y, Z coordinates for each node
Cell id, Material id, Cell type, and the list of Cell vertices

The ASCII (formatted) geometry file for AVS Express contains one additional line of
data at the beginning of the file, followed by the data specified above:

Number of nodes, Number of elements, 0, 0, O

0000000001  0.000000000E+00 0.000000000E+00 0.000000000E+00
0000000002  0.100000000E+01 0.000000000E+00 0.000000000E+00
0000000003  0.000000000E+00 0.200000000E+00 0.000000000E+00
0000000004  0.100000000E+01 0.200000000E+00 0.000000000E+00
0000000005  0.000000000E+00 0.400000000E+00 0.000000000E+00
0000000006  0.100000000E+01 0.400000000E+00 0.000000000E+00
0000000007  0.000000000E+00 0.600000000E+00 0.000000000E+00
0000000008  0.100000000E+01 0.600000000E+00 0.000000000E+00
0000000009  0.000000000E+00 0.800000000E+00 0.000000000E+00
0000000010  0.100000000E+01 0.800000000E+00 0.000000000E+00
0000000011  0.000000000E+00 0.100000000E+01 0.000000000E+00
0000000012  0.100000000E+01 0.100000000E+01 0.000000000E+00
0000000001 1 quad 1 2 4 3

0000000002 1 quad 3 4 6 5

0000000003 1 quad 5 6 8 7

0000000004 1 quad 7 8 10 9

0000000005 1 quad 9 10 12 11

Figure 19. Example of AVS geometry output file.

The Tecplot “grid” file containshe following (note that only the grid coordinates used are
output):

Header line with problem title
Filetype header
Variable header (coordinates used)

Zone header with grid specification and type (N = number of nodes, E = number of
elements)

Followed by

“N” node coordinate sets
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Element connectivity for thgrid for “E” elements.

0.000000000E+00
0.100000000E+01
0.000000000E+00
0.100000000E+01
0.000000000E+00
0.100000000E+01
0.000000000E+00
0.100000000E+01
0.000000000E+00
0.100000000E+01
0.000000000E+00
0.100000000E+01

1 2 4
3 4 6
5 6 8
7 8 10
9 10 12

TITLE = "Unsaturated Diffusion tests"
FILETYPE ="GRID"

VARIABLES = "X coordinate (m)" "Y coordinate (m)"

ZONE T ="GRID",N = 12,E= 5, DATAPACKING = POINT, ZONETYPE
= FEQUADRILATERAL, STRANDID = 0, SOLUTIONTIME = 0.

0.000000000E+00
0.000000000E+00
0.200000000E+00
0.200000000E+00
0.400000000E+00
0.400000000E+00
0.600000000E+00
0.600000000E+00
0.800000000E+00
0.800000000E+00
0.100000000E+01
0.100000000E+01
3
5
7

9

11

Figure 20. Example of Tecplot grid output file.

Geometry data when containadthe normal tecplot dataléis uses shared variables.

Coordinates and connectivity are output only in the first file. The data files contain the

following:

The Tecplot “grid” filecontains the following:

Header line with code version mber, date, time and problem title

Variable header

Zone header with timegrid specification and type

Followed by

“N"” node coordinate, node number and datasets
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Element connectivity fothe grid for “E” elements

TITLE = "FEHM V3.1gf 12-02-09 QA:NA  02/09/2012 11:48:26 Unsaturated
Diffusion tests"
VARIABLES = "X (m)" "Y (m)" "Node" "Vapor_Species_001"
ZONE T ="Simulation time 0.00000000 days",N= 12, E= 5,
DATAPACKING = POINT, ZONETYPE = FEQUADRILATERAL,N= 12,E= 5,
DATAPACKING = POINT, ZONETYPE = FEQUADRILATERAL

0.00000000 0.00000000 0000000001 1.00000000

1.00000000 0.00000000 0000000002 1.00000000

0.00000000  0.200000000 0000000003 1.00000000

1.00000000  0.200000000 0000000004 1.00000000

0.00000000  0.400000000 0000000005 1.00000000

1.00000000  0.400000000 0000000006 1.00000000

0.00000000  0.600000000 0000000007 1.00000000

1.00000000  0.600000000 0000000008 1.00000000

0.00000000  0.800000000 0000000009 1.00000000

1.00000000  0.800000000 0000000010 1.00000000

0.00000000 1.00000000 0000000011 1.00000000

1.00000000 1.00000000 0000000012 1.00000000

1 2 4 3
3 4 6 5
5 6 8 7
7 8 10 9
9 10 12 11

Figure 21. Example of Tecplot data output file with geometry data included.

7.18.4 Contour data output files (filen.number_type_node.suffix)

All the ASCII (formatted) node data filesrfédVS (suffix ‘avs’) contain the following
headers:

Number of data componen#sd size of each component
A label/unit string foreach data component

followed by fa each node
the associated node data (celsed by data type below).

All the ASCII (formatted) node data filder AVS Express (suffix ‘avsx’) contain the
following headers, on a single line delimited by “: " :

Current simulation time (with format “nodestane days”)
A label/unit string foreach data component
followed by fa each node
the associated node data (described by data type below), delimited by “: ".

All of the node data files for Surfer (suffix ‘csv’) contain a single header line
containing:

A label/unit string for each dat@omponent separated by “,”
followed by fa each node
the associated node data (described by data type below), delimited by “, ".
All the node data files for Tecplot (suffix ‘dat’) contain the following headers:
Header line with code version mber, date, time and problem title

Filetype header when keyword “grid” is used
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Variable header (the variable headepidy output to the first data file unless
keyword ‘grid’ is used)

Zone header with time (not output for tedal property files if keyword ‘grid’ is
used)

or

Zone header with time angrid specification and type if keyword geom is used
followed by fa each node

the associated node data (celsed by data type below).

The dual or dpdp values for eachthese fields will be written to a file with “dual” in
the file name .

Contour File Content  Data Type Output Parameters*
Designation
Material properties mat, mat_dual Permeability in each active direction (m?)

Thermal conductivity in each active direction ( %—( )

Porosity

Rock bulk density (kg/m?)
e MJ
Rock specific heat ( ko X )

Capillary pressure (MPa)
Relative permeability model
Capillary pressure model.

Note: Output to the material properities file is
dependent on the simulation being performed.

Scalar parameters sca, sca_dual Zone number
Pressure (MPa) - liquid, vapor, capillary
Temperature ( )
Saturation

CO,, (Water volume fraction, Liquid CO, fraction,
Gaseous CO, fraction, Dissolved CO, mass fraction,
Phase state of CO,

Head (m)

Porosity
Density (kg/m3) - liquid, vapor

Permeability in each active direction (m?)
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Source (kg/s)
Mass Flux (kg/s)

Volume weighted Mass Flux (kg/s/m®)
Displacement (m) for each specified direction
Stress (MPa) for each specified direction
Volume Strain

Vector parameters vec, vec_dual

Volume Flux (m3/m2/s) - liquid, vapor

Solute concentrations  con, con_dual Species concentration (moles/kg)

*Qutput parameters are dependent upon the simulation being performed and keywords specified in the
cont macro.

1111111111111

Permeability (m**2) in X, (m**2)

Permeability (m**2) in Y, (m**2)

Thermal Conductivity (W/m*K) in X, (W/m*K)
Thermal Conductivity (W/m*K) in Y, (W/m*K)
Porosity, (non dim)

Rock bulk density (kg/m**3), (kg/m**3)

Rock specific heat (MJ/kg*K), (MJ/kg*K)
Capillary pressure (MPa), (MPa)

Relative permeability model, (flag)

Capillary pressure model, (flag)

0000000001 1.000000E-12 1.000000E-12
1000.00 1.000000E-03 0.00000 1 1
0000000002 1.000000E-12 1.000000E-12
1000.00 1.000000E-03 0.00000 1 1
0000000003 1.000000E-12 1.000000E-12
1000.00 1.000000E-03 0.00000 1 1
0000000004 1.000000E-12 1.000000E-12
1000.00 1.000000E-03 0.00000 1 1
0000000005 1.000000E-12 1.000000E-12
1000.00 1.000000E-03 0.00000 1 1
0000000006 1.000000E-12 1.000000E-12
1000.00 1.000000E-03 0.00000 1 1
0000000007 1.000000E-12 1.000000E-12
1000.00 1.000000E-03 0.00000 1 1
0000000008 1.000000E-12 1.000000E-12
1000.00 1.000000E-03 0.00000 1 1
0000000009 1.000000E-12 1.000000E-12
1000.00 1.000000E-03 0.00000 1 1
0000000010 1.000000E-12 1.000000E-12
1000.00 1.000000E-03 0.00000 1 1
0000000011 1.000000E-12 1.000000E-12
1000.00 1.000000E-03 0.00000 1 1
0000000012 1.000000E-12 1.000000E-12
1000.00 1.000000E-03 0.00000 1 1

Figure 22.

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

Example of AVS material properties output file.

0.800000

0.800000

0.800000

0.800000

0.800000

0.800000

0.800000

0.800000

0.800000

0.800000

0.800000

0.800000
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1000.00 :

1000.00 :

1000.00 :

1000.00 :

1000.00 :

1000.00 :

1000.00 :

1000.00 :

1000.00 :

1000.00 :

1000.00 :

1000.00 :

0000000002
0000000003:
6000000004:
0000000005
0000000006
0000000007
0000000008
0000000009:
0000000010:
0000000011 :

0000000012:

Figure 23.

1.000000E-12: 1.000000E-12
0.00000: 1: 1
1.000000E-12: 1.000000E-12
0.00000: 1: 1
1.000000E-12: 1.000000E-12
0.00000: 1: 1
1.000000E-12: 1.000000E-12
0.00000: 1: 1
1.000000E-12: 1.000000E-12
0.00000: 1: 1
1.000000E-12: 1.000000E-12
0.00000: 1: 1
1.000000E-12: 1.000000E-12
0.00000: 1: 1
1.000000E-12: 1.000000E-12
0.00000: 1: 1
1.000000E-12: 1.000000E-12
0.00000: 1: 1
1.000000E-12: 1.000000E-12
0.00000: 1: 1
1.000000E-12: 1.000000E-12
0.00000: 1: 1
1.000000E-12: 1.000000E-12
0.00000: 1: 1

Example of AVS Express material properties output file.

: 1.000000E-05

: 1.000000E-05

: 1.000000E-05

: 1.000000E-05

: 1.000000E-05

: 1.000000E-05

: 1.000000E-05

: 1.000000E-05

: 1.000000E-05

: 1.000000E-05

: 1.000000E-05

: 1.000000E-05

node : Permeability (m**2) in X : Permeability (m**2) in Y : Thermal Conductivity (W/
m*K) in X : Thermal Conductivity (W/m*K) in Y : Porosity : Rock bulk density (kg/m**3)
: Rock specific heat (MJ/kg*K) : Capillary pressure (MPa) : Relative permeability model
: Capillary pressure model
0000000001

: 1.000000E-05: 0.800000
: 1.000000E-05:
. 1.000000E-05:
: 1.000000E-05:
: 1.000000E-05:
. 1.000000E-05:
: 1.000000E-05:
: 1.000000E-05:
. 1.000000E-05:
: 1.000000E-05:

: 1.000000E-05:

: 1.000000E-05:

0.800000

0.800000

0.800000

0.800000

0.800000

0.800000

0.800000

0.800000

0.800000

0.800000

0.800000

0000000001,
, 1000.00,
0000000002,
, 1000.00,
0000000003,
, 1000.00,
0000000004,
, 1000.00,
0000000005,
, 1000.00,
0000000006,
, 1000.00,
0000000007,
, 1000.00,
0000000008,
, 1000.00,
0000000009,
, 1000.00,
0000000010,
, 1000.00,
0000000011,
, 1000.00,
0000000012,
, 1000.00,

Figure 24.

1.000000E-12, 1.000000E-12,
0.00000, 1, 1
1.000000E-12, 1.000000E-12,

0.00000, 1, 1
1.000000E-12, 1.000000E-12,
0.00000, 1, 1

1.000000E-12, 1.000000E-12,
0.00000, 1, 1
1.000000E-12, 1.000000E-12,

0.00000, 1, 1
1.000000E-12, 1.000000E-12,
0.00000, 1, 1

1.000000E-12, 1.000000E-12,
0.00000, 1, 1
1.000000E-12, 1.000000E-12,

0.00000, 1, 1
1.000000E-12, 1.000000E-12,
0.00000, 1, 1

1.000000E-12, 1.000000E-12,
0.00000, 1, 1
1.000000E-12, 1.000000E-12,
0.00000, 1, 1
1.000000E-12, 1.000000E-12,
0.00000, 1, 1

Example of Surfer material properties output file.

1.000000E-05,
1.000000E-05,
1.000000E-05,
1.000000E-05,
1.000000E-05,
1.000000E-05,
1.000000E-05,
1.000000E-05,
1.000000E-05,
1.000000E-05,
1.000000E-05,

1.000000E-05,

node , Permeability (m**2) in X, Permeability (m**2) in Y, Thermal Conductivity (W/
m*K) in X, Thermal Conductivity (W/m*K) inY, Porosity , Rock bulk density (kg/m**3)
, Rock specific heat (MJ/kg*K) , Capillary pressure (MPa), Relative permeability model
, Capillary pressure model

1.000000E-05,
1.000000E-05,
1.000000E-05,
1.000000E-05,
1.000000E-05,
1.000000E-05,
1.000000E-05,
1.000000E-05,
1.000000E-05,
1.000000E-05,
1.000000E-05,

1.000000E-05,

0.800000

0.800000

0.800000

0.800000

0.800000

0.800000

0.800000

0.800000

0.800000

0.800000

0.800000

0.800000
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TITLE = "FEHM V3.1gf 12-02-15 QA:NA  02/15/2012 11:29:32 Unsaturated Diffusion tests"

VARIABLES = "node" "Permeability (m**2) in X" "Permeability (m**2) in Y" "Thermal

Conductivity (W/m*K) in X" "Thermal Conductivity (W/m*K) in Y" "Porosity" "Rock bulk
density (kg/m**3)" "Rock specific heat (MJ/kg*K)" "Capillary pressure (MPa)" "Relative
permeability model" "Capillary pressure model"

0000000001 1.000000E-12 1.000000E-12
1000.00 1.000000E-03 0.00000 1 1
0000000002 1.000000E-12 1.000000E-12
1000.00 1.000000E-03 0.00000 1 1
0000000003 1.000000E-12 1.000000E-12
1000.00 1.000000E-03 0.00000 1 1
0000000004 1.000000E-12 1.000000E-12
1000.00 1.000000E-03 0.00000 1 1
0000000005 1.000000E-12 1.000000E-12
1000.00 1.000000E-03 0.00000 1 1
0000000006 1.000000E-12 1.000000E-12
1000.00 1.000000E-03 0.00000 1 1
0000000007 1.000000E-12 1.000000E-12
1000.00 1.000000E-03 0.00000 1 1
0000000008 1.000000E-12 1.000000E-12
1000.00 1.000000E-03 0.00000 1 1
0000000009 1.000000E-12 1.000000E-12
1000.00 1.000000E-03 0.00000 1 1
0000000010 1.000000E-12 1.000000E-12
1000.00 1.000000E-03 0.00000 1 1
0000000011 1.000000E-12 1.000000E-12
1000.00 1.000000E-03 0.00000 1 1
0000000012 1.000000E-12 1.000000E-12
1000.00 1.000000E-03 0.00000 1 1

Figure 25.

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

1.000000E-05

0.800000

0.800000

0.800000

0.800000

0.800000

0.800000

0.800000

0.800000

0.800000

0.800000

0.800000

0.800000

Example of Tecplot material properties output file without geometry keyword.
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TITLE = "FEHM V3.1gf 12-02-15 QA:NA  02/15/2012 07:58:21 Unsaturated Diffusion tests"
FILETYPE = "SOLUTION"

VARIABLES = "node" "Permeability (m**2) in X" "Permeability (m**2) in Y" "Thermal
Conductivity (W/m*K) in X" "Thermal Conductivity (W/m*K) in Y" "Porosity" "Rock bulk
density (kg/m**3)" "Rock specific heat (MJ/kg*K)" "Capillary pressure (MPa)" "Relative
permeability model" "Capillary pressure model"

0000000001 1.000000E-12 1.000000E-12 1.000000E-05 1.000000E-05 0.800000
1000.00 1.000000E-03 0.00000 1 1

0000000002 1.000000E-12 1.000000E-12 1.000000E-05 1.000000E-05 0.800000
1000.00 1.000000E-03 0.00000 1 1

0000000003 1.000000E-12 1.000000E-12 1.000000E-05 1.000000E-05 0.800000
1000.00 1.000000E-03 0.00000 1 1

0000000004 1.000000E-12 1.000000E-12 1.000000E-05 1.000000E-05 0.800000
1000.00 1.000000E-03 0.00000 1 1

0000000005 1.000000E-12 1.000000E-12 1.000000E-05 1.000000E-05 0.800000
1000.00 1.000000E-03 0.00000 1 1

0000000006 1.000000E-12 1.000000E-12 1.000000E-05 1.000000E-05 0.800000
1000.00 1.000000E-03 0.00000 1 1

0000000007 1.000000E-12 1.000000E-12 1.000000E-05 1.000000E-05 0.800000
1000.00 1.000000E-03 0.00000 1 1

0000000008 1.000000E-12 1.000000E-12 1.000000E-05 1.000000E-05 0.800000
1000.00 1.000000E-03 0.00000 1 1

0000000009 1.000000E-12 1.000000E-12 1.000000E-05 1.000000E-05 0.800000
1000.00 1.000000E-03 0.00000 1 1

0000000010 1.000000E-12 1.000000E-12 1.000000E-05 1.000000E-05 0.800000
1000.00 1.000000E-03 0.00000 1 1

0000000011 1.000000E-12 1.000000E-12 1.000000E-05 1.000000E-05 0.800000
1000.00 1.000000E-03 0.00000 1 1

0000000012 1.000000E-12 1.000000E-12 1.000000E-05 1.000000E-05 0.800000
1000.00 1.000000E-03 0.00000 1 1

Figure 26. Example of Tecplot material properties output file with ‘grid’ keyword.
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VARIABLES = "X coordinate (m)" "Y coordinate (m)" "node" "Permeability (m**2) in X"
"Permeability (m**2) in Y" "Thermal Conductivity (W/m*K) in X" "Thermal Conductivity (W/
m*K) in Y" "Porosity" "Rock bulk density (kg/m**3)" "Rock specific heat (MJ/kg*K)"
"Capillary pressure (MPa)" "Relative permeability model" "Capillary pressure model"

ZONE T = "Material properties”, N =

= FEQUADRILATERAL

0.00000000 0.00000000
05 1.000000E-05 0.800000
1.00000000 0.00000000

05 1.000000E-05 0.800000
0.00000000 0.200000000
05 1.000000E-05 0.800000
1.00000000 0.200000000
05 1.000000E-05 0.800000
0.00000000 0.400000000
05 1.000000E-05 0.800000
1.00000000 0.400000000
05 1.000000E-05 0.800000
0.00000000 0.600000000
05 1.000000E-05 0.800000
1.00000000 0.600000000
05 1.000000E-05 0.800000
0.00000000 0.800000000
05 1.000000E-05 0.800000
1.00000000 0.800000000
05 1.000000E-05 0.800000
0.00000000 1.00000000
05 1.000000E-05 0.800000
1.00000000 1.00000000
05 1.000000E-05 0.800000

1 2 4 3
3 4 6 5
5 6 8 7
7 8 10 9
9 10 12 11

Figure 27.

12,E=

0000000001 1.000000E-12
1000.00 1.000000E-03
0000000002 1.000000E-12
1000.00 1.000000E-03
0000000003 1.000000E-12
1000.00 1.000000E-03
0000000004 1.000000E-12
1000.00 1.000000E-03
0000000005 1.000000E-12
1000.00 1.000000E-03
0000000006 1.000000E-12
1000.00 1.000000E-03
0000000007 1.000000E-12
1000.00 1.000000E-03
0000000008 1.000000E-12
1000.00 1.000000E-03
0000000009 1.000000E-12
1000.00 1.000000E-03
0000000010 1.000000E-12
1000.00 1.000000E-03
0000000011 1.000000E-12
1000.00 1.000000E-03
0000000012 1.000000E-12
1000.00 1.000000E-03

5, DATAPACKING = POINT, ZONETYPE

1.000000E-12 1.000000E-
0.00000 1 1
1.000000E-12 1.000000E-
0.00000 1 1
1.000000E-12 1.000000E-
0.00000 1 1
1.000000E-12 1.000000E-
0.00000 1 1
1.000000E-12 1.000000E-
0.00000 1 1
1.000000E-12 1.000000E-
0.00000 1 1
1.000000E-12 1.000000E-
0.00000 1 1
1.000000E-12 1.000000E-
0.00000 1 1
1.000000E-12 1.000000E-
0.00000 1 1
1.000000E-12 1.000000E-
0.00000 1 1
1.000000E-12 1.000000E-
0.00000 1 1
1.000000E-12 1.000000E-
0.00000 1 1

Example of Tecplot material properties output file with ‘geom’ keyword.

7.18.5 SURFER and TECPLOT contour ou tput files with specified ‘zone’

The content of the contour files generated when the ‘zone’ keyword is usedcionthe
macro is the same as that for the regu;ar output with the following exceptions:

Geometry keywords, ‘geom’ and ‘grid’, are ignored;

Data is output only for the nodes in the specified zones;

For “surfer”, a separate file is writtdor each output zone and the file names
generated include the output zone number (using 4 digits, e.g., 0001);

For tecplot, the simulation time is written into a text string, and the zone headers

include only the zone number, and output is separated by zone.
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8.0 SYSTEM INTERFACE

8.1

8.2

8.3

8.4

8.5

8.6

System-Dependent Features

In addition to standard intrinsic math routines only two system routines are required by the
FEHM code. The code uses astym call to get the date (subroutine dated) and a system
routine to get the CPU clock time (subroutine tyming).

Compiler Requirements

FEHM Version 2.30 is writtefior Fortran 90. FEHM has beemccessfully compiled and run
on SUN and PC computers.

Hardware Requirements

No special hardware features or environments are required by the software. The code will run
on SUN workstations running Solaris 7 otda(UNIX) and PC workstations running

Windows 2000 or later or Linux 2.4.18 or latdlemory requirements depend on the problem
being modeled (based on the number of node&.dtiggested that the system being used have

a minimum of 128 MB of memory.

Control Sequences or Command Files
None.

Software Environment

N/A

Installation Instructions

8.6.1 Installing a compiled executable

Copy the executable to a location on the curssarch path. Refer to the Installation
Test Plan for the FEHM Applicatn Version 2.3010086-ITP-2.30-00).

8.6.2 Creating the FEHM bi nary from source (UNIX)

On the system where FEHM is to be installed, make an installation directory, with
subdirectories src and objects:

mkdir fehm
mkdir src objects

Copy all fehm source files (i.e., extract thémom a tar file -- fehm_src.tar) into the
src directory:

cd fehm/src
tar xvf fehm_src.tar

A Makefile is included and should be pladed/our objects directry. To compile and
link FEHM, change into the objextdirectory and compile the code:

cd fehm/objects
make -OR- make -f Makefile

The makefile creates an executable called:
xfehm_v2.30
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8.6.3

8.6.4

It should be noted that FEHM uses the GZSOLVE Application (ECD-97) reuse
components, solve_new, solve_rdof, and slvesu. The GZSOLVE subroutines are
compiled directly into this version of FEHM.

Installation Verification and Validation

A series of test scripts have been developed to automate the validation procedure for
FEHM. They are described in moretdi in the APPENDIX: FEHM VALIDATION
SCRIPTS, of the Validation Test Plan for the FEHM Application Version 2.30
(10086-VTP-2.30-00). See the FEHM VTP fodiscussion of the tests performed and
their results.

FEHM for YMP

For official use of the FEHM code on tivMP project, an executable version should
be obtained from the project configuratimanagement group. For binary installation
instructions, refer to the Installation Test Plan for the FEHM Application Version 2.30
(10086-1TP-2.30-00).
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9.0 EXAMPLES AND SAMPLE PROBLEMS

The following describes execution of the FEHM co8ection 9.1 discusses the construction of an
input file. Section 9.2 illustrates the entire procedure for executing the FEHM code using terminal
input. Example 1 describes the setup and results from a simple 2-D heat conduction simulation. The
remaining sections provide more complex example problems and deal only with problem setup and
expected results.

9.1 Constructing an Input File

FEHM is a very general simulation code. Thus it is preferable to discuss the construction of an
input file from a problem oriented point of view. In what follows the needs of the physical
problem (initial conditions, boundary conditions¢.&twill be addressed in terms of the macro
statements.

Initial conditions. These are needed for eygrroblem, even if it i| steady state simulation.

If the simulation is comprised of fully saturated water flow or heat conduction only, then the
appropriate control statement would ib& (page 86). The use aifit also allows the
specification of initial temperate and pressure (gravity) giiedts. If two phase flow is
prescribed (thermal or isothreal) then entering the initial conditions through the control
statemenpres (page 116) is more convenient. Initisalues for noncondensible gas are
handled in thaexgas(page 109) control statement. It shoblelremembered that if a restart file

is present, those values will have pregede over values input in control statemiaitt but not
over values input in control statememes. Solute initial conditions are prescribed through the
control statementrac (page 186).

Boundary conditions. Fluid and heat flow boundary conditions can be prescribed through
control statementpres, boun (page 45)flow (page 71), andhflx (page 81). Boundary
conditions are entered witlres by specifying a negative phase state designation (the code
will actually use the absolute value of the phatse designation). In this case the code will
keep the variable values constantdiatever value was prescribedpres. Flowing pressures
are input with théboun or flow control statement. Solute bodary conditions are prescribed
through the combl statementrac.

Material and Energy Balance Equations The choice of the colgd system equations is
made in control statemengsl (page 161)ngas andair (page 43).

Rock or Media Properties These are found in theck (page 141) angerm control
statements.

Fluid Properties. These are found icontrol statemergos(page 67), which is optional. &os

is not invoked, then the properties of water airdincluded in the code are used. Relative
permeabilities, depending on both the fluid and media type, are found in control statkment
(page 132).

Mesh Geometry and Nodal CoordinatesThis geometry information is found in control
statementsoor (page 59) anélem (page 65). This information igsually created with a mesh
generation program.

Simulation Time. The time stepping information including printout intervals and time step
sizing is found in control statemetitme (page 185).

Numerics. Convergence criteria, upwinding parameters, fill-in for the preconditioned
conjugate gradient solver and geometry type, 3-D, radial) areentered with control
statementtrl (page 60).

Advanced Iteration Control. Reduced degree of freedom methods are invoked withehe
(page 87) control statement. ®mportant quantity entered with this statement is the
maximum time for the job to run on the computer.
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Sources and SinksThese are input with the control statemesdsn or flow. Care must be
taken as the parameters have differmetnings for different physical models.

The following table lists the input macros which should be used to formulate various types of
problems.

Table VI. Required and Opti onal Macros by Problem Type

Problem Type : Heat Conduction

A

Problem Type : Water / Water Vapor / Heat
Equivalent Continuum, Dual Porosity*,
Dual Permeability**

Required Macros

Optional Macros

Required Macros

Optional Macros

title

boun or flow or hflx
cond

coor

ctrl

elem

init or pres

rock

sol

time

stop

cont

finv

flo2
flxo or flxz
iter
node or nod2
renu

rflx

text or comments (#)
user

vcon

Zone or zonn

title

boun or flow or hflx
cond

coor

ctrl

elem

init or pres
perm

rip

rock

sol

time

stop

dual (* only)
dpdp (** only)

cden

cont

€0s

exrl

finv

flo2

flxo or flxz
fper

gdpm

hflx

iter

node or nod2
ppor

renu

rflx

rxn

text or comments (#)
trac

user or userc
vcon

velo

Zone or zonn
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Table VI. Require d and Optional Macros by Problem Type (Continued)

Problem Type : Air / Water / Water Vapor / Heat
or Gas / Water / NAPL / Heat
Equivalent Continuum, Dual Porosity*
Dual Permeability**

Problem Type : Air / Water / No Heat
Equivalent Continuum, Dual Porosity*
Dual Permeability**

Required Macros

Optional Macros

Required Macros

Optional Macros

title

boun or flow or hflx
cond

coor

ctrl

elem
init or pres
ngas
perm

rip

rock

o]

time

stop

dual (*only)
dpdp (**only)

adif

cden

cont

€0s

finv

flo2

flxo

fper

gdpm

iter
node or nod2
ppor

renu

rflx

rxn

szna

text or comments (#)
trac

user or userc
vapl

vcon

velo

Zone or zonn

title
airwater
boun or flow
coor

ctrl

elem

init or pres
node or nod2
perm

rock

o)

time

stop

dual (*only)
dpdp (**only)

bous
cont
€0s
exrl
finv
flo2
flxo
fper
gdpm
head
iter
ppor
pres
renu
rip
rxn
text or comments (#)
trac
user or userc
vapl
velo

Zone or zonn
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9.2 Code Execution

To run FEHM, the program exutable file name is entered at the system prompt:
<PROMPT> xfehm_v2.30
Note that executable names may vary depending on the system being used.

The 1/O file information is provided to the code from an input control file or the terminal. The
default control file name ifehmn.filesIf a control file with the default name is present in the
directory from which the code is being executed,terminal input is required. If the default
control file is not present, input prompts ardttem to the screen. A short description of the I/
O files used by FEHM preceddse initial prompt. The followin@assumes the default control
file was not found in the execution direcgq(for this example /home/fehm/heat2d).

After the commandafehm_v2.30is given, the code queries thiser regarding the input files,
as follows:

Enter name for iocntl -- default file name: not using

[(name/na or not using), RETURN = DEFAULT]

This query asks for a control file name. If a control file name is entered no further terminal
input is required. Figure 28 shows the contrtd that would produce the same results as the
terminal responses discussed below and illustrated in Figrigs that are not needed for

/home/fehm/heat2d/input/heat2d.in
/home/fehm/heat2d/input/heat2d.in
/home/fehm/heat2d/input/heat2d.in
/home/fehm/heat2d/output/heat2d.out

/home/fehm/heat2d/output/heat2d.fin
/home/fehm/heat2d/output/heat2d.his

/home/fehm/heat2d/output/heat2d.chk
some
0

Figure 28. Input control file for heat conduction example.

output can be represented with a blank line. If names are not provided for the write file and/or
the data check file, the code will use the following defadébkmn.finandfehmn.chk

Following the file names is the flag that controls terminal output. The last line of the file is the
user subroutine number. Omitting these valtessauilts in no terminal output and no user
subroutine call. For now, we assume&arriage return <cr> is eméel and a control file is not
being used. The followig query will appear

Enter name for inpt -- default file name: fehmn.dat

[(name/na or not using), RETURN = DEFAULT]
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This query asks for an input file name. If a <cr> is given, the defahihn.datis used for the
input file. We shall assume that the input file name entered is

input/heat2d.in

Note that a subdirectory containing the file isabiven. If the file did not exist, the code
would repeat the prompt for an input file. Neéke code would query to determine if the prefix
of the input file name (the pton of the name preceding theél “.” or first space) should be
used for code generated file names.

Do you want all file names of the form input/heat2d.* ? [(y/n), RETURN =]
** Note: If “y” incoor and inzone will equal inpt ***

A <cr> will produce files with identical prefixesncluding the subdirectory. If the response is
negative, the code will query for the namesabfrequired files. Assume we enter “n”.

Enter name for incoor -- default file name: input/heat2d.in

[(name/na or not using), RETURN = DEFAULT]
(See Fig. 29 for the remaining file name queries.)
Next a query for terminal output appears.

tty output -- show all reference nodes, selected reference nodes, or none:
[(all/some/none), RETURN = none]

An “all” reply prints out the primary node infmation to the terminat every time step. A
“some” reply prints a selected subset of thdeanformation. A reply of “none” suppresses all
tty output with the exceptioaf error messages printed if code execution is terminated
abnormally or when maximumumber of iterations are egeded. Assume we enter “some”.

The next query concerns the subroutine USERSs subroutine is used for special purposes
and is not available to the general user.

user subroutine number (provided to subroutine USER before every time step):
[RETURN = none]

Assume a <cr> is entered.
The code will then print a summary of the 1/O files to be used.

The final query regards the acceptance of thesi@dejust created. A “yes” reply denotes that

the user has accepted the file set and the podeeeds with calculation#\ “no” reply starts

the query sequence again so /O file names may be reentered or modified. A “stop” reply stops
the current computer job.

If data is OK enter yes to continue, no to restart terminal input,
or stop to end program: [(yes/no/stop), RETURN = yes]

Screen output for this example execution using terminal input and a previous version of the
code is shown in Fig. 29. The only difference in the output is that the code version identifier
and date are updated for the currentsien. User responses are showritalics.
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<PROMPT> xfehm_v2.30sun
version FEHM V2.30sun 03-09-15 QA:QA 09/15/2003 11:08:14

**** Default names for 1/O files ****

control file : fehmn.files
input file . filen.*
geometry data file . filen.*
zone data file : filen.*
output file . filen.out
read file (if it exists) : filen.ini
write file (if it exists) - filen.fin
history plot file - filen.his
tracer history plot file - filen.trc
contour plot file : filen.con
dual or dpdp contour plot file - filen.dp
stiffness matrix data read/write file : filen.stor
input check file : filen.chk

*kkk Where *kkk
“filen.*” may be 100 characters maximum. If a hame is not entered
when prompted for, a default file name is used. “fehmn.dat” is the
default used for the input file name.

*kkk note *kkk

A save file and input check file are always written. If you do not
provide a name for these files, the following defaults will be used:
fehmn.fin, fehmn.chk

Enter name for iocntl -- default file name: not using

[(name/na or not using), RETURN = DEFAULT]
<Cr>

Enter name for inpt -- default file name: fehmn.dat

[(name/na or not using), RETURN = DEFAULT]
input/heat2d.in

Do you want all file names of the form input/heat2d.* ? [(y/n), RETURN =]
*** Note: If “y” incoor and inzone will equal inpt ***
n

Enter name for incoor -- default file name: input/heat2d.in

[(name/na or not using), RETURN = DEFAULT]
<Cr>

Figure 29. Terminal query for FEHM example run.
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Enter name for inzone -- default file name: input/heat2d.in

[(name/na or not using), RETURN = DEFAULT]
<Cr>

Enter name for iout -- default file name: input/heat2d.out

[(name/na or not using), RETURN = DEFAULT]
output/heat2d.out

Enter name for iread -- default file name: input/heat2d.ini

[(name/na or not using), RETURN = DEFAULT]
na

Enter name for isave -- default file name: input/heat2d.fin

[(name/na or not using), RETURN = DEFAULT]
output/heat2d.fin

Enter name for ishis -- default file name: input/heat2d.his

[(name/na or not using), RETURN = DEFAULT]
output/heat2d.his

Enter name for istrc -- default file name: input/heat2d.trc

[(name/na or not using), RETURN = DEFAULT]
na

Enter name for iscon -- default file name: input/heat2d.con

[(name/na or not using), RETURN = DEFAULT]
na

Enter name for isconl -- default file name: input/heat2d.dp

[(name/na or not using), RETURN = DEFAULT]
na

Enter name for isstor -- default file name: input/heat2d.stor
[(name/na or not using), RETURN = DEFAULT]
na

Enter name for ischk -- default file name: input/heat2d.chk

[(name/na or not using), RETURN = DEFAULT]
output/heat2d.chk

Figure 29. Terminal query for FEHM example run. (Continued)
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tty output -- show all reference nodes, selected reference nodes, or none:
[(all/some/none), RETURN = none]
some

[RETURN = none]
<Cr>

First reference output node will be written to tty

File purpose - Variable - Unit number - File name

control -iocntl - 0 - notusing

input - inpt -11 - input/heat2d.in
geometry -incoor -11 - input/heat2d.in
zone -inzone - 11 - input/heat2d.in
output - iout - 14 - output/heat2d.out
initial state -iread - 0 -notusing

final state -isave -16 - output/heat2d.fin
time history -ishis - 17 - output/heat2d.his
time his.(tr) - istrc - 18 - not using

contour plot -iscon -19 - notusing
conplot (dp) -isconl -20 - notusing

fe coef stor -isstor -21 - notusing

input check -ischk  -22 - output/heat2d.chk

Value provided to subroutine user: not using

If data is OK enter yes to continue, no to restart terminal input,
or stop to end program: [(yes/no/stop), RETURN = yes]
<Cr>

Figure 29. Terminal query for FEHM example run. (Continued)

user subroutine number (provided to subroutine USER before every time step):
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9.3 Heat Conduction in a Square

This simple 2-D problem is used to illustratgut file construction and basic output. Heat
conduction in a 1 meter square with an initial temperatuges 200 &, is modeled after a
surface temperaturegF 100 &, is imposed at time, t = 0 (Fig. 30).The input parameters used
for the heat conduction problem are defined in Table VII.The finite element mesh for this
problem is shown in Fig. 31. Qna quarter of the square needs to be modeled because of

problem symmetry.

T, —» 107200€ \e— T,=100€¢ att=0
forallx,y=0.5m

Figure 30. Schematic diagram of 2-D heat conduction problem.
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Figure 31. Finite element mesh used for 2-D heat conduction problem.
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Table VII. Input Parameters fo rthe 2-D Heat Conduction Problem
Parameter Symbol Value
Rock thermal conductivity N 57 %
Rock density Y 2700 kg/m3
Rock specific heat C, 1000 kgL"K
Width a 0.5m
Length b 0.5m
Initial temperature To 200 ¢
Surface temperature T 100 ¢
forallx,y =0.5m S
Rock thermal diffusivity N

AvEeY

The input file (see Fig. 32) uses optional macro control statenaatd (output nodes) and the
required macro control statemesis (solution specification - heat transfer onliylit (initial
value data)rock (rock properties)cond (thermal conductivitiesperm (permeabilities)iime
(simulation timing data)trl (program control parameterspor (node coordinatesglem (element
node data), anstop. For this problem @cro control statemefibw is also used to set the
temperature boundary conditions. A portion of the output file is reproduced in Fig. 33.

The analytical solution for B heat conduction (Carslaw and Jaeger, 1959) is given by

T T
16 To—Ts -1 M 2m+1 x___2n+1 y -0,
= T2 1 S S Yg o
T2 | 1 Zmrt 21 2 % m ¢

m=0n=o0

where Qn n= —4— a2 + b2 and the region is taken to be

NTZm+12 2n+1 2
-a X a-b y b

Figure 34 shows a plot of the simulation resgldsnpared to the anaigal solution for the
selected output nodes at x =y = 0. m and x = y=0.25 m.
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rxxxk 2-D Heat Conduction Model (2X2 rectangles) *****
node
2
7 5
sol
-1 -1
init
10. 0.200.0.0.200. 0. 0.
rock
1 9 1 2700. 1000. 0.

cond
1 9 1 2.7e-00 2.7e-00 2.7e-00

perm
1 9 1 1.e-30 1.e-30 1.e-30

flow
1 3 1 10.00-100.00 1.e03
3 9 3 10.00-100.00 1.e03

time
0.0054.001000 101994 02

ctrl

40 1.e-0408
1 9 1 1
1.0 0.0 1.0
10 1.0 0.000050.005
1 0
coor Feb 23,1994 11:39:40
9
1 0.0.50 0.
2 0.250.50 0.
3 0.500.50 0.
4 0.0.25 0.
5 0.250.25 0.
6 0.500.25 0.
7 0.0. 0.
8 0.250. 0.
9 0.50 0. 0.
elem
4 4
1 45 2 1
2 56 3 2
3 78 5 4
4 89 6 5
stop

Figure 32. FEHM input file for heat conduction example (heat2d.in).
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FEHM V2.10 00-06-28 08/07/2000 13:25:08

*xxk 2-D Heat Conduction Model| *****

File purpose - Variable - Unit number - File name

control - iocntl -
input -inpt -
geometry- incoor-
zone -inzone-
output - iout -
initial state- iread-
final state- isave-
time history- ishis-
time his.(tr)- istrc-
contour plot- iscon-
con plot (dp)- isconl-
fe coef stor- isstor-

input check- ischk-

0- not using
11- heat2d.in
11- heat2d.in
11- heat2d.in
14- heat2d.out
0- not using
16- fehmn.fin
17- heat2d.his
0- not using
0- not using
0- not using
0- not using

22- fehmn.chk

Value provided to subroutine user: not using

**E% input title :
**E% input title :
**E% input title :
**E% input title :
**E% input title :
**E% input title :
**E% input title :
**E% input title :
**E% input title :
**E% input title :
**E% input title :
**E% input title :
**E% input title :

COOr**** incoor = 11 ****
elem**** ijncoor = 11 ****
stop**** incoor = 11 ****
node**** jnpt = 11 ****
SO**** inpt = 1] *Ex
init¥*** inpt = 11 ****
rock**** inpt = 11 ****
cond*** inpt = 11 ****
perm**** inpt = 11 FHxx
flow**** inpt = 11 ****
time**** jnpt = 11 ****
CtrI¥*** jnpt = 11 ****
StOp**** inpt = ] *kH*

BC to BC connection(s) found(now set=0.0)
BC to BC connection(s) found(now set=0.0)

Figure 33. FEHM output from the 2-D heat conduction example.
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pressures and temperatures set by gradients
>>>reading nop from file nop.temp.....
>>>reading nop was succesful.....

storage needed for ncon43 available 43

storage needed for nop43 available 46

storage needed for a matrix33 available 33
storage needed for b matrix33 available 46
storage needed for gmres81 available 81

storage available for b matrix resized to 33<<cg<<

time for reading input, forming coefficients 0.204E-01

**** ganalysis of input data on file fehmn.chk rkxk

kkkkkkkkhkkkkkkkkkhkkkkkkhkkkhkkkkkkhhkkhkkkkkkhhkkhkkkkkkhhkkhkkkkkkhkhkkkk

Time Step 1

Timing Information
Years Days Step Size (Days)
0.136893E-04 0.500000E-02 0.500000E-02
Cpu Sec for Time Step = 0.8081E-03 Current Total = 0.2650E-02

Equation Performance

Number of N-R Iterations: 1

Avg # of Linear Equation Solver Iterations: 3.0

Number of Active Nodes: 9.

Total Number of Newton-Raphson Iterations: 1, Solver: 3
Largest Residuals

EQ1 R= 0.1660E-07 node= 5x=0.2500 y=0.2500 z=1.000

Node Equation 1 Residual Equation 2 Residual

7  0.111444E-07 0.185894E-01
5 0.165983E-07 0.135450E+01
Nodal Information (Water)
source/sink source/sink
Node p(MPa) e(MJ) Isat temp(c)  (kg/s) (MJ/s)
7 10.000 0.00 0.000 199.981 O. 0.
5 10.000 0.00 0.000 198.645 O. 0.

Global Mass & Energy Balances
Total mass in system at this time:0.000000E+00 kg
Total mass of steam in system at this time:0.000000E+00 kg
Total enthalpy in system at this time:0.105123E+03 MJ

Water discharge this time step:0.000000E+00 kg (0.000000E+00 kg/s)
Water input this time step:0.000000E+00 kg (0.000000E+00 kg/s)
Total water discharge:0.000000E+00 kg (0.000000E+00 kg/s)

Total water input:0.000000E+00 kg (0.000000E+00 kg/s)

FEHM V3.1.0 Users Manual

Figure 33. FEHM output from the 2-D heat conduction example. (Continued)
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Enthalpy discharge this time step:0.297800E+02 MJ (0.689352E-01 MJ/s)
Enthalpy input this time step:0.000000E+00 MJ (0.000000E+00 MJ/s)
Total enthalpy discharge:0.297800E+02 MJ (0.689352E-01 MJ/s)

Total enthalpy input:0.297800E+02 MJ (0.689352E-01 MJ/s)

Net kg water discharge (total out-total in):0.000000E+00
Net MJ discharge (total out-total in):0.000000E+00
Conservation Errors: 0.000000E+00 (mass), -0.100326E+01 (energy)

kkkkkkkkhkkkkkkkkkhkkkkkhhkkhkkkkkkhhkkkhkkkkkkhhkkhkkkkkkhhkkkkkkkkkhkhkkkk

Time Step 11

* * * * *kkkkkkk *% *% *% *% *% *kkkkkkk

Time Step 801

Timing Information
Years Days Step Size (Days)
0.109515E-01 0.400005E+01 0.500000E-04
Cpu Sec for Time Step= 0. Current Total = 4.533

Equation Performance

Number of N-R lIterations: 1

Avg # of Linear Equation Solver Iterations: 2.0

Number of Active Nodes: 9.